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ABSTRACT
The main o b j e c t  o f  t h e  i n v e s t i g a t i o n  p r e s e n t e d  i n  t h i s  
t h e s i s  was, to  s t u d y  t h e  g e n e r a l  t e n d e n c y  i n  which t h e  r e d u c ­
t i o n  o f  l a t e r a l  s t r e s s  w i th  t im e  t a l t e s  p l a c e  i n  a  f r o z e n  sand 
l a y e r  s u b j e c t e d  to  r a d i a l  p r e s s u r e .
Two d i f f e r e n t  t y p e s  o f  sand  were u s e d  to  p r e p a r e  6 2 s p e c i ­
mens». Tlie spec im ens  were  composed o f  e i t h e r  sand and a  v a r i e t y  
o f  i n i t i a l  p o r o s i t y  and d e g r e e  o f  i c e  s a t u r a t i o n .  They were 
t e s t e d  a t  v a r i o u s  c o n s t a n t  t e m p e r a t u r e s  u n d e r  s e l e c t e d  i n i t i a l  
p r e s s u r e .  The m ag n i tu d e  o f  p r e s s u r e  r e t a i n e d  by t h e  f r o z e n  
sand sample a t  any t im e  was m easured  by means o f  a  p r e s s u r e  
gauge a t t a c h e d  to  t h e  p r e s s u r e  u n i t .  The s t r a i n  i n  t h e  f r o z e n  
s o i l  was m easured  by  u s i n g  bonded  r e s i s t a n c e  s t r a i n  g au g es  em­
bedded  i n  t h e  s a n d - i c e  sy s tem .
The r e d u c t i o n  i n  l a t e r a l  s t r e s s ,  R^, i n  f r o z e n  sand was 
fo u n d  t o  be a  f u n c t i o n  o f  f i v e  v a r i a b l e s ;  t h e  i n i t i a l  p o r o s i t y  
o f  t h e  sand ( n ) , t h e  d e g r e e  o f  i c e  s a t u r a t i o n  ( S ^ ) ,  sample  
t e m p e r a t u r e  (Tp) , i n i t i a l  p r e s s u r e  (d^)  and t h e  t im e  ( t )  e l a p s ­
ed a f t e r  t h e  a p p l i c a t i o n  o f  i n i t i a l  p r e s s u r e .
E x p e r im e n ta l  r e s u l t s  were p l o t t e d  i n  t h e  form o f  " p r e s s u r e  
t im e  '* c u r v e s  which showed t h e  same t e n d e n c y  o f  r a p i d  d e c r e a s e  
i n  p r e s s u r e  f o r  t h e  f i r s t  f e w  h o u r s  and t h e n  a  v e r y  s low r a t e  
o f  r e d u c t i o n  i n  p r e s s u r e  w i th  t i m e .  R e d u c t io n  i n  s t r e s s ,  
e x p r e s s e d  as  a p e r c e n t a g e  o f  I n i t i a l  P r e s s u r e ,  was a l s o  p l o t t e d
1J.X
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a g a i n s t  t im e  f o r  each t e s t  to  s t u d y  t h e  i n f l u e n c e  o f  t h e  above 
m en t ioned  v a r i a b l e s .
Summarizing- t h e  e x p e r i m e n t a l l y  o b t a i n e d  r e s u l t s  a  g e n e r a l  
e q u a t i o n ,  to  p r e d i c t  t h e  v a lu e  o f  l a t e r a l  p r e s s u r e  r e t a i n e d  by 
t h e  sand i c e  l a y e r  a t  any  t im e  a f t e r  t h e  a p p l i c a t i o n  o f  a  knoim 
i n i t i a l  p r e s s u r e ,  was d e r i v e d  e m p i r i c a l l y  i n  te r ra s  o f  t h e  v a r ­
i a b l e s ,  i . e .  n ,  S j ,  T, 6± and t .
IV
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CHAPTER I
INTRODUCTION
The im p o r t a n c e  o f  s t u d i e s  on f r o z e n  s o i l  becomes e v i d e n t  
i f  one c o n s i d e r s  t h a t  n e a r l y  26# o f  t h e  d r y  s u r f a c e  o f  t h e  
g lo b e  ( i . e .  more t h a n  1 / 4  t h e r e o f )  i s  i n  a  p e r e n n i a l l y  f r o z e n  
s t a t e .  With t h e  advancement  o f  s c i e n c e  and t e c h n o l o g y ,  man 
i s  v e n t u r i n g  more and more i n t o  t h e s e  p e r m a f r o s t  r e g i o n s  i n  
s e a r c h  o f  v a l u a b l e  m i n e r a l s  and o i l s  e t c .  Hence,  t h e  Know­
l e d g e  r e g a r d i n g  t h e  f r o z e n  s o i l s  i s  becom ing  more 
s i g n i f i c a n t  t o  s c i e n t i s t s  and  e n g i n e e r s .  However,  t h e  im por­
t a n c e  o f  s t u d i e s  on f r o z e n  s o i l  i s  n o t  l i m i t e d  t o  p e r m a f r o s t  
r e g i o n s  o n l y .  R a th e r  i t  i s  more i m p o r t a n t  i n  t h e  l a n d  a r e a s  
h a v i n g  a m o d e ra te  c l i m a t e ,  where d u y in g  t h e  w i n t e r ,  t h e  t o p  
f o o t  o r  more o f  s o i l  becomes f r o z e n ;  c r e a t i n g  a c h a l l e n g i n g  
p ro b le m  f o r  t h e  f o u n d a t i o n  e n g i n e e r s .
I n  many n o r t h e r n  r e g i o n s ,  such a s  t h e  n o r t h e r n  p a r t s  o f  
N o r th  America ,  where t h e r e  a r e  no l o c a l  c o n s t r u c t i o n  m a t e r i a l s ,  
and t h e  c o s t  and t r o u b l e  i n c u r r e d ' i n  i m p o r t i n g  them i s  p r o h i b ­
i t i v e ,  f r o z e n  s o i l  and i c e  may v e r y  w e l l  s e r v e  a s  t h e  main 
c o n s t r u c t i o n  m a t e r i a l s  f o r  s t r u c t u r e s  l i k e  s t o r e h o u s e s ,  s h e l ­
t e r s ,  i c e  r o a d s ,  t e m p o ra ry  r i v e r  c r o s s i n g s ,  dams and p i e r s  f o r  
t e m p o r a r y  u se  and even runways fo p  t e m p o ra ry  a i r f i e l d s .  F ro zen  
s o i l s  p ro v e d  to  be v e r y  ranch a d v a n ta g e o u s  i n  t h e  o a s e s  o f  
u n d e rg ro u n d  s t r u c t u r e s ,  such  as  s t o r a g e  f o r  o i l  o r  g a s ,  c o l d
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s t o r a g e  f o r  a g r i c u l t u r a l  p r o d u c t s ,  u n d e rg ro u n d  r e s e a r c h  l a b o r a ­
t o r i e s  e t c »  About tw e n ty  y e a r s  o f  e f f e c t i v e  r e s e a r c h  and ex­
p e r i e n c e  l i e  b e h i n d  t h e  p r e s e n t  knowledge  o f  s a f e r  d e s i g n ,  co n s ­
t r u c t i o n  and m a in te n a n c e  o f  such s t r u c t u r e s  u n d e r  v a r i o u s  c l im ­
a t i c  and o t h e r  c o n d i t i o n s .  C o n s i d e r a b l e  p r o g r e s s  h a s  a l s o  been 
made i n  t h e  s tu d y  o f  p h y s i c a l  and m e ch an ic a l  p r o p e r t i e s  o f  i c e ,  
snow and f r o z e n  s o i l ,  a l t h o u g h  much i s  y e t  to  be  knovrai.
To u s e  any m a t e r i a l  f o r  c o n s t r u c t i o n  p u r p o s e s  one m us t  
have  s u f f i c i e n t  knowledge  a b o u t  i t s  m e c h a n ic a l  a s  w e l l  a s  p h y s -  
i c a l  p r o p e r t i e s .  Any r e l a t i o n  between, t h e  p h y s i c a l  and t h e  
m e c h a n ic a l  p r o p e r t i e s  can a lw ay s  be  h e l p f u l .  U n l i k e  s o i l ,  a 
t h r e e  p h a s e  s y s te m ,  f r o z e n  s o i l  may be  c o n s i d e r e d  a s  a c o m p l i ­
ca ted '  f o u r  component sy s tem ,  o r  a sys tem  c o n s i s t i n g  o f  f o u r  
i n t e r r e l a t e d  b o d i e s ;  s o l i d  ( m i n e r a l  p a r t i c l e s )  p l a s t i c  ( i c e )  , 
l i q u i d  ( u n f r o z e n  w a te r )  and g a s e o u s  ( v a p o u r  find g a s e s ) .  I t  i s  
e x p e c t e d  t h a t  t h e  r e l a t i v e  amounts  o f  t h e s e  components  s h o u ld  
h a v e  marked e f f e c t s  on t h e  m e c h a n ic a l  b e h a v i o u r  o f  f r o z e n  s o i l s .  
Some b a s i c  p h y s i c a l  p r o p e r t i e s  such a s  s p e c i f i c  g r a v i t y  o f  s o l i d  
p a r t i c l e s ,  p o r o s i t y  o f  s o i l  mass ,  w a t e r  c o n t e n t  and t e m p e r a t u r e  
b e lo w  f r e e z i n g  p o i n t  a f f e c t  t h e s e  r e l a t i v e  a m o u n ts ,  and h ence  
t h e y  may a l s o  i n f l u e n c e  t h e  m e c h a n ic a l  b e h a v i o u r  o f  f r o z e n  s o i l s .
M ec h an ic a l  p r o p e r t i e s  a r e  a l s o  o f  g r e a t  i m p o r t a n c e  f o r  
r a t i n g  f r o z e n  s o i l s  a s  a m a t e r i a l ,  en v i ro n m e n t  and b a s e  o f  
s t r u c t u r e s .  However,  t h e  most c h a r a c t e r i s t i c  m e c h a n ic a l  p r o p ­
e r t y ,  which a f f e c t s  any d e s i g n  on f r o z e n  s o i l ,  i s  t h e  t e n d e n c y  
o f  f r o z e n  s o i l  t o  weaken ( i . e .  to  r e l a x )  u n d e r  l o n g  te rm  l o a d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
o f  any t y p e .  The i n s t a n t a n e o u s  l o a d  c a p a c i t y  o f  a f r o z e n  s o i l  
mass may sometimes  be a s  much a s  t e n  t i m e s  i t s  l o n g  te rm  r e s i s ­
t a n c e  c a p a c i t y .  T h e r e f o r e ,  w h i l e  c a l c u l a t i n g  t h e  s a f e  l o a d  f o r  
a  f r o z e n  s o i l ,  i t  i s  e s s e n t i a l  t o  c o n s i d e r ,  n o t  o n l y  i t s  tempo­
r a r y  h i g h  r e s i s t a n c e  c a p a c i t y  f o r  i n s t a n t a n e o u s  e x t e r n a l  l o a d ,
( t o  be p r e p a r e d  f o r  c o n s t r u c t i o n  d i f f i c u l t i e s  r e s u l t i n g  t h e r e ­
f r o m ) ,  b u t  a l s o  i t s  l o n g  te rm  s t r e n g t h  and p o s s i b l e  d e f o r m a t i o n  
e s t i m a t e d  by  c o n s i d e r i n g  t h e  r e l a x a t i o n  c h a r a c t e r i s t i c s  o f  t h a t  
p a r t i c u l a r  s o i l  u n d e r  w o rs t  c o n d i t i o n s  o f  t e m p e r a t u r e ,  i c e  con­
t e n t ,  i n i t i a l  p r e s s u r e  and some b a s i c  c h a n g e a b le  p r o p e r t i e s  o f  
s o i l  i t s e l f »  However ,  t h e  w o r s t  c o n d i t i o n  can  n e v e r  be p r e ­
d i c t e d  u n l e s s  t h e  e f f e c t  o f  change o f  t h e  c o n d i t i o n s  i n  e i t h e r  
d i r e c t i o n  i s  knofm.
The: o b j e c t  o f  t h e  i n v e s t i g a t i o n  c a r r i e d  o u t  i n  t h i s  r e s e a r c h  
programme, was to  f i n d  o u t  a g e n e r a l '  t e n d e n c y  i n  which t h e  r e d u c ­
t i o n  o f  l a t e r a l  s t r e s s  w i th  r e s p e c t  to  t im e  t a l t e s  p l a c e  i n  a 4 " 
t h i c k  s a n d - i c e  l a y e r  s u b j e c t e d  to  r a d i a l  p r e s s u r e .  The i n v e s t i ­
g a t i o n  was f u r t h e r  ex te n d e d  t o  f i n d  o u t  w h e th e r  t h e r e  was any 
c o r r e l a t i o n  b e tw een  t h e  r e d u c t i o n  i n  l a t e r a l  s t r e s s  w i th  t im e  
and t h e  v a r i a b l e  p a r a m e t e r s ,  n a n e l y ,  t e m p e r a t u r e ,  i c e - s a t u r a t i o n ,  
p o r o s i t y  o f  s o i l  and i n i t i a l  p r e s s u r e .
To j u s t i f y  t h e  im p o r ta n c e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n ,  
t h e  f o l l o w i n g  p ro b le m s  t h a t  may be f a c e d  by f o u n d a t i o n  e n g i n e e r s  
d e a l i n g  w i th  f r o z e n  s o i l s  a r e  d i scu s s e d ,  b r i e f l y .
The f i r s t  example i s  an an ch o red  s h e e t  p i l e  h a v in g  c o n c r e t e
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deadman f o r  a n ch o rag e  ( f i g ,  1 ) ,  I n  w i n t e r  t h e  sand l a y e r ,  i n  
? h i c h  t h e  anchor  i s  l o c a t e d ,  may f r e e z e  and s u b s e q u e n t l y ,  when 
s u b j e c t e d  to  t e m p e r a t u r e  i n c r e a s e ,  w i l l  p ro d u ce  l a t e r a l  t h r u s t  
a g a i n s t  t h e  s h e e t - p i l i n g  w a l l  and dee^dman [ s ]  . The d e s i g n e r  
must  d e c i d e  w h e th e r  t h e  maximum e x p e c t e d  t h r u s t  i s  to- be u sed  
a s  a l i v e  l o a d  w i th  f u l l  f a c t o r  o f  s a f e t y  o r  i t  s h o u ld  be  t r e a t ­
ed a s  a  t e m p o ra ry  l i v e  l o a d  such a s  wind l o a d  o r  e a r t h q u a k e  
f o r c e ,  a l l o w i n g  t h e  u s e  o f  a s m a l l e r  s a f e t y  f a c t o r ,  i f  t h e  maxi­
mum t h r u s t  i s  taken, i n t o  c o n s i d e r a t i o n .
The second exanrple o f  such p ro b le m  i s  t h e  c a se  o f  a  s t r u c ­
t u r e  h a v in g  a c a r  p a r k  on t h e  g ro u n d  l e v e l .  A l l  t h e  c o n d i t i o n s  
t h a t  a r e  r e q u i r e d  f o r  t h e  d ev e lo p m en t  o f  l a t e r a l  t h r u s t  i n  s o i l s  
due to  t e m p e r a t u r e  change [ 9 ]  e x i s t  i n  t h i s  c a s e .  F ro z e n  s o i l  
l a y e r ,  r e s t r a i n e d  from expan d in g  by  c o n f i n i n g  w a l l s  ( f i g .  2) and 
s u b j e c t e d  t o  c o n s e c u t i v e  c y c l e s  o f  c o o l i n g  and warming w i l l  de­
v e l o p  l a t e r a l  p r e s s u r e  a g a i n s t  t h e  w a l l s  [ 8 ] c r e a t i n g  t h e  same 
p ro b lem  as  b e f o r e .
The p r e s e n t  i n v e s t i g a t i o n  w i l l  p r o b a b l y  be most h e l p f u l  i n  
t h e  c a s e  o f  a c e l l u l a r  c o f f e r d a m ,  where t h e  l a t e r a l  t h r u s t  o f  
f r o z e n  g r a n u l a r  f i l l  i n s i d e  each c e l l ,  cau sed  by t h e  t e m p e r a t u r e  
c h a n g e , . w i l l  be r a d i a l  and t h e r e f o r e  s i m i l a r  t o  t h e  e x p e r im e n t s  
c a r r i e d  o u t .
The l o a d i n g  system i n  t h e  e x p e r i m e n t a l  s e t  up was chosen  
t o  s i m u l a t e  l a t e r a l l y  in d u ce d  r a d i a l  p r e s s u r e .  G r a n u la r  s o i l  , 
was chosen  f o r  t h e  e x p e r im e n ta l  work b e c a u s e ,  b e in g  n o n - s u s c e p -
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t i b l e  t o  f r o s t  a c t i o n ,  i t  i s  c o n s i d e r e d  by  many e n g i n e e r s  t o  
be a s e l e c t  m a t e r i a l  and i s  u sed  i n  a r e a s  s u b j e c t e d  t o  f r o s t  
a c t i o n .
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. To t h e  b e s t  o f  au thor*  s k n ow ledge ,  no e f f o r t  h a s  b e e n  
made to  c o r r e l a t e  t h e  t im e  d e p e n d e n t  l a t e r a l  s t r e s s  r e d u c t i o n  
i n  f r o z e n  s o i l  w i t h  t h e  r e l e v a n t  p a r a m e t e r s ,  such a s  t e m p e ra ­
t u r e ,  d e g r e e  o f  i c e  s a t u r a t i o n ,  i n i t i a l  p o r o s i t y  o f  s o i l  and 
i n i t i a l  p r e s s u r e .  S tudy  o f  t h e  t im e  d e p e n d e n t  b e h a v i o u r  o f  
f r o z e n  s o i l  s u b j e c t e d  to  l a t e r a l  p r e s s u r e  seems t o  h a v e  e sca p e d  
t h e  n o t i c e  o f  most  o f  t h e  p r o m i n e n t  i n v e s t i g a t o r s  i n  t h i s  f i e l d .  
P r o b a b l y  t h e  o n l y  l i t e r a t u r e  on t h i s  t o p i c  (L a b a ,  1970) d e a l t  
w i th  t h e  l a t e r a l  t h r u s t  e x e r t e d  by  f r o z e n  g r a n u l a r  s o i l s  due 
to  t e m p e r a t u r e  ch an g e .  M a j o r i t y  o f  o t h e r  i n v e s t i g a t o r s  were 
m o s t l y  c o n c e rn e d  w i th  t h e  v e r t i c a l  l o a d s  o f  c o n s t a n t  m agn i tude  
a p p l i e d  t o  t h e  f r o z e n  s o i l  mass ,  s t u d y i n g  i t s  s t r e n g t h  p r o p e r ­
t i e s .
B e f o r e  g o i n g  i n t o  t h e  a c t u a l  works  done i n  t h i s  f i e l d ,  
some d e f i n i t i o n s  o f  b a s i c  r h e o l o g i c a i  p r o p e r t i e s  o f  f r o z e n  s o i l  
a r e  g i v e n  be low .
a.) Creeps I t  i s  d e f i n e d  a s  t h e  g r a d u a l  d e f o r m a t i o n  
o f  a  body o v e r  a p e r i o d  o f  t i m e  t a k i n g  p l a c e  
a t  a c o n s t a n t  s t r e s s ,
b) R e l a x a t i o n ;  I t  i s  t h e  d i m i n u t i o n  (weakening)  o f  
s t r e s s  i n  a  body r e q u i r e d  to  m a i n t a i n  a c o n s t a n t  
d e f o r m a t i o n .
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c) Loss  o f  s t r e n g t h ;  I t  i s  t h e  d e c r e a s e  o f  t h a t  
s t r e s s  l e v e l  i n  a f r o z e n  s o i l  mass which c a u s e s  
f a i l u r e  o f  t h e  mass w i th  an i n c r e a s e  i n  t h e  
t im e  o f  l o a d  a c t i o n  i n  f r o z e n  s o i l .
U n d e r s t a n d in g  o f  r e l a x a t i o n  and l o n g  t e rm  s t r e n g t h  c h a r a c ­
t e r i s t i c s  o f  f r o z e n  s o i l  were h e l p f u l  f o r  t h e  p r e s e n t  i n v e s t i ­
g a t i o n .  Also t h e  phenomenon o f  d ev e lo p m en t  o f  l a t e r a l  t h r u s t  
i n  f r o z e n  s o i l  s e rv e d  as  a  b a s i s  f o r  t h e  p r e s e n t  r e s e a r c h  work. 
Hence l i t e r a t u r e  r e l a t e d  t o  t h e s e  two t o p i c s  i s  em phas ized  i n  
t h e  f o l l o w i n g  r e v i e w  as  b e i n g  o f  s i g n i f i c a n t  v a l u e  t o  t h e  r e ­
s e a r c h  work u n d e r t a k e n .
R e l a x a t i o n  and Long Term S t r e n g th
Among t h e  few i n v e s t i g a t o r s  who a r e  w e l l  known f o r  t h e i r  
works  i n  t h e  f i e l d s  o f  f r o z e n  s o i l  m ec h a n ic s ,  T s y t o v i c h ,  N. A, 
[11 ,  12]  s h o u ld  p r o b a b l y  be  c o n s i d e r e d  as  a p i o n e e r .  He p r e -  
' s e n t e d  a  b r i e f  b u t  i n f o r m a t i v e  i n t r o d u c t i o n  t o  t h e  works  done 
on T h e o l o g i c a l  p r o p e r t i e s  o f  f r o z e n  s o i l  i n  one o f  h i s  p u b l i ­
c a t i o n s  [ l l ]  , a lo n g  w i th  o t h e r  t o p i c s  on f r o z e n  s o i l .  L a t e r  
on he  c o n c e n t r a t e d  h i s  a t t e n t i o n  on t h e  b a s i c  m ech an ic s  o f  
f r e e z i n g ,  f r o z e n  and th a w in g  s o i l s  [ l 2 ] . However ,  T s y to v ic h  
d i d  n o t  m en t ion  any r e c o r d  o f  s tu d y  r e g a r d i n g  l a t e r a l  s t r e s s  
i n  f r o z e n  s o i l .
I n  o r d e r  t o  e x p l a i n  t h e  i n t e r n a l  m echan ics  o f  s o i l - i c e  
s y s te m ,  T s y to v ic h  c o n s id e r e d  i t  as  a  c o m p l i c a t e d  fo u r -c o m p o n e n t
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s y s te m ,  o r  a sys tem  c o n s i s t i n g  o f  f o u r  i n t e r r e l a t e d  b o d i e s ;  
s o l i d  ( m i n e r a l  p a r t i c l e s )  , p l a s t i c  ( i c e )  , l i q u i d  ( u n f r o z e n  
w a te r )  and g a s e o u s  (v ap o u r  and g a s e s ) .  The s t r e n g t h  o r  l o a d  
r e s i s t a n c e  o f  such a sys tem  depends  on t h e  s t r e n g t h  o f  a  com­
p l e x  t y p e  o f  i n t e r n a l  bonds  be tw een  i n d i v i d u a l  p a r t i c l e s ,  
which form a g g r e g a t e  o f  f r o z e n  s o i l s ,  and t h e  s t r e n g t h  o f  
bonds  be tw een  t h e s e  a g g r e g a t e s .  These  b o n d s ,  known a s  cohe-- 
s i o n ,  may be r e g a r d e d  as  c o n s i s t i n g  o f  t h r e e  components  as  
f o l l o w s ;
a) Cohes ion  by c e m e n t a t i o n ,  which i s  t h e  most 
i m p o r t a n t  component ,  r e s u l t s  f rom bonds  be tw een  
i c e  c r y s t a l s  and m i n e r a l  p a r t i c l e s .  I t  depends  
on t h e  i c e  c o n t e n t  and t e m p e r a t u r e  o f  f r e e z i n g  
a s  w e l l  a s  t h e  m ec h an ica l  and r a i n e r o l o g i c a l  
c o m p o s i t i o n  o f  f r o z e n  s o i l .
b) M o le c u la r  c o h e s i o n  r e s u l t s  from f o r c e s  o f  mole­
c u l a r  a t t r a c t i o n  be tw een  m i n e r a l  p a r t i c l e s .  I t  
dep en d s  on t h e  a r e a  o f  c o n t a c t  s u r f a c e s  o f  t h e s e  
p a r t i c l e s  and t h e  d i s t a n c e s  b e tw e e n  them which  
i n  t u r n  depends  on t h e  co m p ac tn ess  o f  s o i l  and 
a p p l i e d  p r e s s u r e .
c) S t r u c t u r a l  c o h e s i o n  r e f l e c t s  t h e  e f f e c t s  o f  
d i v e r s e  p h y s i c a l ,  p h y s i c o - c h e m i c a l ,  m e ch an ic a l  
and o t h e r  p r o c e s s e s  i n  i n c r e a s i n g  t h e  t o t a l  
c o h e s i o n .
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Kra.usz, A. S ,  [ ? ]  m a i n t a i n e d  th a t -  n a t u r a l  f r e s h  w a t e r  i c e ,  
when formed u n i d i r e c t i o n a l l y  and f r e e  o f  snow, u s u a l l y  c o n s i s t s  
o f  l o n g  p e n c i l - l i k e  g r a i n s .  Each g r a i n  i s  one c r y s t a l  i n  which 
t h e  oxygen and h y d ro g e n  a tom s a r e  a r r a n g e d  i n  a  r e g u l a r  geome­
t r i c a l  p a t t e r n .  T h i s  p a t t e r n  i s  b u i l t  up f rom s im p le  h e x a g o n a l  
p r i s m  u n i t s  a s  sh.o-wn i n  f i g u r e  3.  The p l a n e  p e r p e n d i c u l a r  t o  
t h e  a x i s  o f  h e x a g o n a l  symmetry i . e .  t h e  C a x i s ,  i s  c a l l e d  t h e  
b a s a l  p l a n e  and p l a y s  an i m p o r t a n t  r o l e  i n  t h e  p l a s t i c  de fo rm a­
t i o n  o f  i c e .  A cco rd in g  t o  t h e  w e l l - e s t a b l i s h e d  f a c t  t h a t  c r y s ­
t a l l i n e  m a t e r i a l s  deform  p l a s t i c a l l y  by  s l i p  on p r e f e r r e d  cryrs- 
t a l l o g r a p h i c  p l a n e s ,  s l i p  i n  i c e  o c c u r s  most  e a s i l y  on t h e  
b a s a l  plane-  i n  t h e  manner i l l u s t r a t e d  i n  f i g u r e  4 ,  I n  each 
g r a i n ,  t h e r e  i s  o n l y  one sy s tem  o f  s l i p  p l a n e s  { t h e  b a s a l  
p l a n e s )  and t h e  d e f o r m a t i o n  w i l l  depend  on t h e  s h e a r  s t r e s s  
component i n  t h i s  p l a n e  r a t h e r  t h a n , o n  maximum s h e a r  s t r e s s .
T s y to v ic h  [ l 2 ]  e x p l a i n e d  t h a t  any l o a d  a p p l i e d  t o  f r o z e n  
s o i l  c a u s e s  a  c o n c e n t r a t i o n  o f  s t r e s s e s  a t  t h e  c o n t a c t s  be tw een  
m i n e r a l  p a r t i c l e s  and i c e  c r y s t a l s ,  i n d u c i n g  p l a s t i c  f lo w  o f  
i c e .  As i n c r e a s e d  p r e s s u r e  d e c r e a s e s  t h e  m e l t i n g  p o i n t  o f  i c e ,  
t h e  e q u i l i b r i u m  be tw een  f i l m  w a t e r  and i c e  i s  d i s t u r b e d .
I c e ,  m e l te d  u n d e r  i n c r e a s e d  p r e s s u r e  f l o w s  to  r e g i o n s  o f  lo w e r  
p r e s s u r e s  and r e g e l a t e s  (Vyalov^ 1954) . T h i s  phenomenon i s  
accompanied  by a d e c r e a s e  i n  s t r u c t u r a l  c o h e s i o n  and c o h e s i o n  
by c e m e n t a t i o n  which r e s u l t s  i n  i r r e v e r s i b l e  d e f o r m a t i o n .  With 
g r a d u a l  d i s p l a c e m e n t  o f  f i l m  w a t e r ,  t h e  phenomenon o f  c r e e p  i s  
o b s e r v e d .
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T his  e x p l a n a t i o n  i s  a c c e p t a b l e  a t  t e m p e r a t u r e s  n e a r  
m e l t i n g  p o i n t  o r  a t  v e r y  h i g h  p r e s s u r e s .  B u t  f o r  v e r y  low 
t e m p e r a t u r e s  and low p r e s s u r e s  i t  i s  more p r o b a b l e  t h a t  i c e  
c r y s t a l s  undergo  p l a s t i c e  d e f o r m a t i o n  a lo n g  t h e  b a s a l  p l a n e  due 
t o  components  o f  c o n t a c t  p r e s s u r e  p a r a l l e l  t o  t h e  b a s a l  p l a n e  
a s  e x p l a i n e d  by K r a u s z ,
A r i s e  i n  m o l e c u l a r  c o h e s io n  o c c u r s  a s  s o i l  p a r t i c l e s  come 
c l o s e r  u n d e r  p r e s s u r e .  Thus u n d e r  a p r e s s u r e  n o t  e x c e e d in g  
c e r t a i n  t h r e s h o l d  v a l u e ,  w eaken ing  ( r e l a x a t i o n )  o f  s t r u c t u r a l  
c o h e s io n  and c o h e s io n  by c e m e n t a t i o n  i r i l l  be  com pensa ted  by 
s t r e n g t h e n i n g  o f  m o l e c u l a r  c o h e s i o n  and -a s t a t e  o f  e q u i l i b r i u m  
w i l l  be r e - e s t a b l i s h e d  i n  t h e  s o i l  w i th  t i m e .  However,  u n d e r  
g r e a t e r  l o a d ,  t h e  d e s t r u c t i o n  o f  i n t e r n a l  bonds  i s  no l o n g e r  
com pensa ted  by s t r e n g t h e n i n g  and p l a s t i c  v i s c o u s  f lo w  due to  
c r e e p  o c c u r s .
A lo n g  te rm  f o r c e ,  which i f  exceeded  r e s u l t s  i n  u n a t t e n u a -  
t i n g  d e f o r m a t i o n ,  i s  k n o w  as  t h e  u l t i m a t e  l o n g  te rm  s t r e n g t h .  
The r e l a t i o n  be tw een  such f a i l u r e  f o r c e  and i t s  r e q u i r e d  d u ra ­
t i o n  to  c a u s e  f a i l u r e  was i n v e s t i g a t e d  by  T s y t o v i c h ,  B e r e z a n t s e v  
and Vyalov a s  c i t e d  by  T s y to v ic h  [ l l ]  , R e l a t i o n s h i p  be tween  
t e n s i l e  s t r e s s  c a u s i n g  f a i l u r e  and t h e  t im e  u n t i l  f a i l u r e ,  a s  
o b t a i n e d  by  T s y to v ic h  f o r  c l a y e y  sand sam ples  w i th  a t o t a l  
m o i s t u r e - i c e  c o n t e n t  o f  a b o u t  30 p e r c e n t ,  i s  shown i n  f i g u r e  6a, 
The v a l u e s  o f  f a i l u r e  t e n s i l e  f o r c e s  a r e  shown on t h e  o r d i n a t e  
whi 1 e t h e  a b s c i s s a  shows t h e  d u r a t i o n  o f  t h e  l o a d  to  Cause-
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f a i l u r e .  T s y to v ic h  o b t a i n e d  s i m i l a r  c u r v e s  f o r  lo n g  t e r m  
s t r e n g t h  o f  f r o z e n  bond be tw een  wooden wedges and f i n e  sandy 
loam a t  - 3 . 6 ®  C . The c u r v e s  showing d e c r e a s e  i n  c o h e s iv e  
f o r c e s  i n  f r o z e n  s o i l s  w i th  t im e  were a l s o  o f  s i m i l a r  shape as  
o b t a i n e d  by him [l2] . He a l s o  s t u d i e d  t h e  r e l a t i o n s h i p  be tw een  
u l t i m a t e  c o m p ress iv e  s t r e n g t h  (u n d e r  r a p i d l y  i n c r e a s i n g  l o a d  
a t  t h e  r a t e  o f  20 kg/cra^ p e r  m inu te )  o f  f r o z e n  s o i l s  and t h e  
t e m p e r a t u r e  below f r e e z i n g  p o i n t . .  He fo u n d  t h a t  t h e  u l t i m a t e  
co m p ress iv e  s t r e n g t h  was p r o p o r t i o n a l  to  t h e  d e c r e a s e  i n  tempe­
r a t u r e  [ l l ]  .
T s y to v ic h  [ l l ]  d e r i v e d  an a n a l y t i c a l  e x p r e s s i o n  f o r  t h e  
cu rv e  o f  s t r e s s  r e l a x a t i o n  ( f i g .  5) i n  f r o z e n  s o i l  a t  c o n s t a n t  
t e m p e r a t u r e  and a t  a c o n s t a n t  d e fo rm a t io n , .  He c o n s i d e r e d  t h e  
f r o z e n  s o i l  mass as  a  p e r f e c t  e l a s t i c  v i s c o u s  body .
The t o t a l  s t r a i n ,  £,  which i s  c o n s t a n t  i n  t h e  c a s e  o f
r e l a x a t i o n ,  i s  composed o f  two com ponen ts ,  n am ely ,  e l a s t i c  com­
p o n e n t ,  £gp,  and p l a s t i c  component ,  £pi> Hence ,
£ =  4- £pi  = c o n s t a n t  • • ( 3~la)
From N ew to n 's  l aw ,  assuming t h a t  v e l o c i t y  o f  t h e  p l a s t i c  
d e f o r m a t i o n  i s  p r o p o r t i o n a l  t o  t h e  work ing  s t r e s s ,  t h e  v a l u e  
o f  p l a s t i c  d e f o r m a t i o n  i s  g iv e n  by ,
, ( 2- l b )
d t  X
wh e r e ,  c o e f f i c i e n t  o f  v i s c o s i t y ,
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and 6 = work ing  s t r e s s .
The v a l u e  o f  e l a s t i c  d e f o r m a t i o n  may be  w r i t t e n  a s ,
£qI  = - ^ 6 ' ( 2- l c )
i n  w h ich ,  E = modulus o f  e l a s t i c i t y .
D i f f e r e n t i a t i n g  e q u a t i o n  ( 2 - l a ) ,  one o b t a i n s
d £ e i  d £ p i
d t
-  0 ( 2 - l d )
S u b s t i t u t i n g  v a l u e s  from e q u a t i o n s  ( 3 - l b )  and ( 2 - l c )  t h i s  
becom es ,
d d  E V-f 0 = 0  ( 2- l e )
A t  ' T?.
I n t e g r a t i n g  and f i n d i n g  t h e  c o n s t a n t s  one g e t s
6  ~ dta exp (  zry— ) ( 2- 2)
V e
w h ere ,  6  ^= s t r e s s  a t  t  = o i . e .  i n i t i a l  s t r e s s .
S e t t i n g  X/E = t y  ( so  c a l l e d  t i m e  o f  r e l a x a t i o n )  and i n t r o ­
d u c i n g  Shvedov 's  c o r r e c t i o n ,  which i m p l i e s  t h a t  n o t  t h e  whole 
s t r e s s  r e l a x e s ,  b u t  o n ly  i t s  e x c e s s  above t h e  v a l u e  o f  t h e  con­
t i n u o u s  r e s i s t a n c e ,  i . e .  < ^ ins t  *“ ^ c o n  ( f i g .  5 ) ,  t h e  f o l l o w i n g  
e q u a t i o n  can be w r i t t e n ,
^ 1  = 6  c o n ( ^ i n s t  "* ^ c o n )  G x p ( - t / t ^ )  ( 2- 8)
P u t t i n g  Z -  e x p ( - t / t j v )  , t h e  v a l u e  o f  ™8.y be o b t a i n e d  from
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t h e  e a u a t i o n ,
6 con =
1 - 2
I n  o r d e r  t o  compute from e q u a t i o n  (2 -4 )  t h e  v a l u e  o f  con­
t i n u o u s  r e s i s t a n c e , d e o n  y i t  i s  n e c e s s a r y  t o  know t h e  v a l u e  o f  
Z, T s y t o v i c h  p r o p o s e d  t h a t  t h e  v a l u e  o f  2 may he  c a l c u l a t e d  
f rom  t h e  e q u a t i o n
Z =  ( 2 - 5 )
^  i n  s t  *“ d  1
i n  w h ic h ,  6 % =  s t r e n g t h  c o r r e s p o n d i n g  to  t im e  tp  
6>2 =  s t r e n g t h  c o r r e s p o n d i n g  to  t im e  t g  
w h e re in  t g  ”  2t%
and = I n s t a n t a n e o u s  s t r e n g t h -
However ,  a c c o r d i n g  t o  T s y t o v i c h  l o n g  d u r a t i o n  t e s t i n g  o f  
f r o z e n  c l a y e y  s o i l s  i n d i c a t e d  t h a t  e x p e r i m e n t a l  c u r v e s  o f  s t r e s s  
r e l a x a t i o n  d i f f e r  from t h e  t h e o r e t i c a l  c u r v e s  computed f o r  an 
i d e a l  e l a s t i c - v i s c o u s  body.  The e x p e r i m e n t a l  d a t a  i n d i c a t e d  t h a t  
t h e  a c t u a l  r e l a t i o n  h a s  a l o g a r i t h m i c  c h a r a c t e r .  Tli is  d i s c r e p a n ­
cy may be  a t t r i b u t e d  to  t h e  f a c t  t h a t  c o e f f i c i e n t  o f  v i s c o s i t y ,  
^4 &nd modulus  o f  e l a s t i c i t y ,  E, f o r  f r o z e n  s o i l s  a r e  n o t  co n s ­
t a n t  q u a n t i t i e s  as  assumed i n  t h e  d e r i v a t i o n  o f  above e q u a t i o n s .
C o n s i d e r i n g  t h e  v a r i a t i o n  o f  m odulus  o f  e l a s t i c i t y ,  E, i n  
f r o z e n  s o i l ,  t h e  e q u a t i o n  d e n o t i n g  t h e  s t a t e  o f  s t r e s s  i n  a 
d e fo rm ed ,  i d e a l  e l  a s t o - v i s  cons  body  i s  a s  f o l l o w s  ( Ezh ao . i t sy n ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4
1949,  R e b in d e r ,  1 9 5 1 ) ;
 f~ =  6  4- r .  É. ( 2- 6 ),
d t  d t
I n t e g r a t i n g  e q u a t i o n  (2 -6 )  a t  E = c o n s t a n t ,  g i v e s  t h e  Maxwell-  
Shvedov e q u a t i o n  o f  r e l a x a t i o n ,
^ t =  ( ^ i n i t  -  dend) G*? ( - t / r )  ( 2 -7 )
w here ,  t  =  S t r e s s  a t  t im e  t
* ^ in i t  — I n i t i a l  s t r e s s  b e f o r e  r e l a x a t i o n
6 gnd =  F i n a l  s t r e s s  a f t e r  r e l a x a t i o n  
® i n i t  ^  I n i t i a l  modulus  o f  e l a s t i c i t y  
Egjjd “  F i n a l  modulus  o f  e l a s t i c i t y  
r  =  " ^ ' / ( E i n i t +  Egad) =  r e l a x a t i o n  t i m e .
S u b s t i t u t i n g  6 end by 6 ^ ' ^ i n i t  by d i n s t  on e  can  g e t  t h e
e q u a t i o n  f o r  r e d u c t i o n  i n  s t r e n g t h ,  w h e re in  d e n o t e s  t h e  l o n g  
t e rm  s t r e n g t h  a n d d i n s t  d e n o t e s  t h e  i n s t a n t a n e o u s  s t r e n g t h .
The above e q u a t i o n s  a r e  b a s e d  on t h e  a s s u m p t io n  o f  i d e a l  
c l a s t o - v i s c o u s  body which obeys  t h e  law o f  l i n e a r  d e f o r m a t i o n  
and p o s s e s s e s  c o n s t a n t  v i s c o u s  p r o p e r t i e s .  T h i s  d o es  n o t  f u l l y
r e f l e c t  t h e  r e a l  p r o p e r t i e s  o f  such a  complex body a s  f r o z e n
s o i l .  C o n s e q u e n t ly  t h e  above fo rm u la e  do n o t  r e p r e s e n t  a s u f ­
f i c i e n t l y  a c c u r a t e  q u a n t i t a t i v e  d e s c r i p t i o n  o f  p r o c e s s e s  t a k i n g  
p l a c e  i n  f r o z e n  s o i l .  Hence e x p e r i m e n t a l  s t r e s s  r e l a x a t i o n  
c u r v e s  d i f f e r  c o n s i d e r a b l y  from t h e  t h e o r e t i c a l  c u r v e s  a s  shown 
i n  f i g u r e  Gb» T h i s  d i s c r e p a n c y  i s  e x p l a i n e d  b y  t h e  f a c t  t h a t
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i n  t h e  i d e a l  c a s e  t h e  t im e  o f  r e l a x a t i o n ,  r , i n  e q u a t i o n  ( 2- 6 ) 
i s  talc en to  he c o n s t a n t ,  b u t  i n  r e a l i t y  t h i s  f a c t o r  i s  fo u n d  t o  be 
v a r i a b l e ,  b e c a u s e  o f  t h e  v a r i a t i o n  o f  c o e f f i c i e n t  o f  v i s c o s i t y  
d u r i n g  r e l a x a t i o n .  B e s i d e s  t h e  i d e a l  ca se  i s  b a s e d  upon t h e  
law o f  l i n e a r  d e f o rm a t io n  which i s  n o t  q u i t e  t r u e  a s  f a r  a s  
f r o z e n  s o i l  i s  c o n c e rn ed .
L a t e r a l  p r e s s u r e  i n  f r o z e n  s o i l
As t h e  b a s i s  o f  p r e s e n t  i n v e s t i g a t i o n ,  t h e  work o f  Laba 
[8 , 9] on l a t e r a l  t h r u s t  e x e r t e d  by f r o z e n  g r a n u l a r  s o i l s  due 
to  • t e m p e r a t u r e  change may be  m en t ioned  h e r e .  He h a s  e s t a b l i -  
shed t h a t  w i th  i n c r e a s e  i n  t e m p e r a t u r e ,  s a n d - i c e  system e x e r t s  
l a t e r a l  p r e s s u r e  a g a i n s t  c o n f i n i n g  b o u n d a r i e s  when a l l  t h e  
f o l l o w i n g  c o n d i t i o n s  e x i s t ,
a) Tlie f r o z e n  s o i l  l a y e r  i s  r e s t r a i n e d  from 
expand ing  by r e t a i n i n g  s t r u c t u r e s ,
b) C o n s e c u t iv e  c y c l e s  o f  c o o l i n g  and warming 
o c c u r  i n  t h e  f r o z e n  s o i l  l a y e r  d u r i n g  w i n t e r  
and s p r i n g .
c) I c e -w e d g e s  form i n  t h e  s o i l  l a y e r  i t s e l f  o r  
a lo n g  t h e  c o n t a c t  a r e a  be tw een  t h e  s o i l  mass 
and r e t a i n i n g  s t r u c t u r e .
At a c o n s t a n t  r a t e  o f  t e m p e r a t u r e  r i s e ,  t h i s  l a t e r a l  p r e ­
s s u r e  i n c r e a s e s  r a p i d l y ,  r e a c h e s  a maximum v a l u e  and t h e n  d r o p s  
s t e a d i l y  w i th  t i m e .  A t y p i c a l  p r e s s u r e  t im e  c u r v e ,  a s  o b t a i n e d
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by Laba  L s l  i s  shown i n  f i g u r e  7 ,  The f o l l o w i n g  e m p i r i c a l  
e q u a t i o n  was p ro p o s e d  f o r  t h e  p r e s s u r e  t im e  c u r v e s ,
= At .  exp ( - t / t m )  (2 -8 )
w h ere ,  A ~  c o e f f i c i e n t  p s i / m i n  
t  — t im e  [minQ
tjjj =  t im e  r e q u i r e d  to  r e a c h  t h e  maximum 
p r e s s u r e  £inin.j
The v a l u e  o f  maximum p r e s s u r e ,  was g i v e n  by  t h e
f o l l o w i n g  r e l a t i o n ,
- - 2 ----- l"o.475 8 i  ( l  T o /3 O ) 0 m .^  (g^g)
46 .6
w h e re ,  6 max =  Maximum p r e s s u r e  d e v e lo p e d  
m =  0 .225-4 -  0 ,0 0 0 7 5  Si
0 = 0  f o r  To ^  25°P
0 =  f o r  25°P <  T 30®F
2500 ■
n  =  Sand p o r o s i t y
B =  Rate  o f  t e m p e r a t u r e  r i s e  [ ® P / h r l
Tq =  I n i t i a l  sample t e m p e r a t u r e
■ Time r e q u i r e d  to  r e a c h  t h i s  maximum p r e s s u r e ,  t^j,  can  be
found  o u t  f rom t h e  p r o p o s e d  e q u a t i o n ,
, n +  60 ( 2^10 )
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where  f o r  Tq ^
K =  4 .9 5  -  0 .1 1  Tq 
L =  - ( 0 , 0 7 6  -  0 .0 1 5  To/20) 
p =  - ( 0 . 0 6  +  6 .5  To/1500)
and f o r  20°F <  Tq ^  30°F
K =  6 ,9  (1 -  T o /3 1 .8 )
L =  - ( 0 . 1 8 3  -  0 .0 0 6 1  To) 
p  =  - ( 0 . 1 1 3  +  To/750)
From e q u a t i o n  (2 -8 )  i t  f o l l o w s  t h a t
A - — éjÜM.  ( 2- 11 )
0 .3 6 7 9  tin
Thus 6  i n  e q u a t i o n  ( 2- 8 ) can  be fo u n d  o u t  f rom  t h e  f i v e  
known p a r a m e t e r s ,  nam ely ,  p o r o s i t y ,  n ,  d e g r e e  o f  i c e  s a t u r a t i o n ,  
S i ,  i n i t i a l  t e m p e r a t u r e .  To, r a t e  o f  t e m p e r a t u r e  r i s e , © ,  and 
t i m e  o f  t e m p e r a t u r e  r i s e ,  t .
However ,  i f  t h e  change i n  t e m p e r a t u r e  i s  s i m i l a r  t o  t h a t  
shown i n  f i g u r e  8 , i . e .  i f  t h e  t e m p e r a t u r e  i n c r e a s e s  a t  a  co n s ­
t a n t  r a t e  up t o  a  t im e  t i  and t h e n  r e m a i n s  c o n s t a n t  up  to  t h e  
t i m e  t 2 b e f o r e  c h a n g in g  a g a i n ,  a  d i f f e r e n t  s i t u a t i o n  a r i s e s .
The above m en t io n ed  e q u a t i o n s  a r e  s u f f i c i e n t  t o  p r e d i c t  t h e
l a t e r a l  t h r u s t  p ro d u c e d  up to  t h e  t im e  t q  a s  shown i n  f i g u r e  9 ,
However a s  t h e  t e m p e r a t u r e  r e m a in s  c o n s t a n t  i n s t e a d  o f  i n c r e a ­
s i n g ,  t h e  " p r e s s u r e  t im e  *' cu rv e  w i l l  n o t  f o l l o w  t h e  d o t t e d  
l i n e  ( f i g .  9) , i n s t e a d ,  i t  i s  more l i k e l y  t o  f o l l o w  t h e  con­
t i n u o u s  l i n e  up bo t im e  t g  as  w i l l  be shown l a t e r .
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. SAtiPLE, APPARATUS AND TEST PROCEDURE /
Sample
The e x p e r im e n ta l  i n v e s t i g a t i o n s  were l i m i t e d  to  g r a n u l a r  
n o n - c o h e s i v e  s o i l .  Two d i f f e r e n t  t y p e s  o f  sand  were u s e d  to  
p r e p a r e  t e s t  spec imens  o f  v a r i o u s  c o m b in a t io n s  o f  i n i t i a l  p o ro ­
s i t y  and d e g re e  o f  i c e  s a t u r a t i o n .  Sand No, 1 was a  c ru sh e d  
u n i fo r m  sand from O t ta w a ,  I l l i n o i s  ( U n i f o r m i ty  C o e f f i c i e n t  
1 . 5  and S p e c i f i c  G r a v i t y  2 .65)  w h i l e  Sand No. 2 was a  n a t u r a l  
v a r i e t y  o f  w e l l  g ra d e d  sand from P a r i s ,  O n t a r i o  ( U n i f o r m i ty  
C o e f f i c i e n t  3 ,8  and S p e c i f i c  G r a v i t y  2 . 6 7 ) .  The g r a i n  s i z e  
d i s t r i b u t i o n  o f  b o th  t h e  san d s  a r e  shoira i n  f i g u r e  1 0 .
A n n a ra tu s
The main a p p a r a t u s  u sed  i n  t h i s  r e s e a r c h  work ( which w i l l  
h e n c e f o r t h ,  be r e f e r r e d  t o  a s  t h e  " p r e s s u r e  u n i t  " ) ,  was 
d e s ig n e d  by Laba (1970) f o l l o w i n g  t h e  i d e a  o r i g i n a t e d  by M il -  
Im o t  (1 9 5 6 ) ,  who had c o n d u c te d  s t u d i e s  on p u r e  i c e .  The p r e s ­
s u re  u n i t  ( f i g .  11) c o n s i s t e d  o f  an o u t e r  s t e e l  c y l i n d e r  enca­
s i n g  an i n n e r  c o n c e n t r i c  r u b b e r  d iaph ragm  w i t h  a  t h i n  a n n u l a r  
v o i d  o f  l / l 6 " be tw een  them. Tiie l / S ” t h i c k  r u b b e r  d iaphragm  
was p r o v id e d  with, c i r c u l a r  o u t e r  f l a n g e  a t  b o th  t h e  ends which 
were s e a l e d  w i th  t h e  ends o f  s t e e l  c y l i n d e r  by u s i n g  s t e e l  
r i n g s .  The v o i d ,  t h u s  made a i r  t i g h t ,  was p r o v id e d  w i th  an
18
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i n l e t  f o r  p r e s s u r e  l i n e  and an o u t l e t  f o r  r e l e a s i n g  e x c e s s  o i l  
o r  e n t r a p p e d  a i r  ; b o t h  b e i n g  s e c u r e d  by  v a l v e s .  The p r e s s u r e  
l i n e  was c o n n e c te d  t o  a h y d r a u l i c  p r e s s u r e  pump so t h a t  t h e  
d e s i r e d  amount o f  r a d i a l  l a t e r a l  p r e s s u r e  c o u l d  be a p p l i e d  
th r o u g h  th e  f l e x i b l e  d iaph ragm  to  t h e  f r o z e n  s p ec im e n .  The o i l  
p r e s s u r e  e x e r t e d  c o u ld  be measured  by means o f  an e x t e r n a l  
p r e s s u r e  gauge c o n n e c te d  to  t h e  p r e s s u r e  l i n e .  The s t e e l  cy -  
l i n d e r  was i n s u l a t e d  a l l  a ro u n d  e x c e p t  f o r  t h e  t o p  s u r f a c e  o f  
t h e  sample so t h a t  t h e  f r e e z i n g  an.d th a w in g  o f  t h e  sand  mass 
f o l l o w e d  t h e  p a t t e r n  e x i s t i n g  i n  n a t u r e .  However ,  t h e  t o p  o f  
t h e  s t e e l  c y l i n d e r  was c o v e re d  w i th  a  t h i n  p o l y t h e n e  s h e e t  t o  
av o id  l o s s  o r  i n c r e a s e  o f  m o i s t u r e  c o n t e n t  i n  t h e  sample .
F i g u r e  12 shows t h e  p r e s s u r e  u n i t  w i th  t h e  pump c o n n e c t e d  to  
i t .
To measure  t h e  s t r a i n  i n  t h e  f r o z e n  sand SR-4 (Type A-9) 
r e s i s t a n c e  s t r a i n  g a u g e s ,  ( f i g .  14) h a v i n g  n i t r o c e l l u l o s e  
im p re g n a te d  bond p a p e r  b a c k i n g  ( M a n u fa c tu re d  by  BLH E l e c t r o n i c )  
were embedded i n  t h e  sand and were c o n n e c t e d  t o  a  p o r t a b l e  
d i g i t a l  8- c h a n n e l  s t r a i n  i n d i c a t o r  ( s t r a i n s e r t ,  Model TH8C), 
S t r a i n  i n  m i c r o i n c h  p e r  inch, c o u ld  be r e a d  d i r e c t l y  from t h e  
s t r a i n  i n d i c a t o r  ( f i g ,  1 3 ) .  Tlie s t r a i n  gauges  were  c o a t e d  on 
b o t h  s i d e s  w i th  Eastman 910 Adlies ive cement  and were c o v e re d  
w i th  sand p a r t i c l e s ,  as  shov/n i n  f i g u r e  14 ,  to  e n s u r e  p r o p e r  
bond be tw een  t h e  f r o z e n  sand and t h e  s t r a i n  g a u g e s .  To com­
p e n s a t e  t h e  e f f e c t  o f  t e m p e r a t u r e  on s t r a i n  m easu rem en ts ,  a 
" dummy gauge " was u s e d ;  i t  was a s t r a i n  gauge  from t h e  same
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l o t  l o o s e l y  a t t a c h e d  t o  a f l a t  wooden b a r  and was b u r i e d  i n  a 
box c o n t a i n i n g ,  d r y  sand  o f  t h e  same t y p e  a s  t h e  spec imen  u n d e r  
i n v e s t i g a t i o n .  The dummy gauge was k e p t  a t  t h e  same t e m p e r a ­
t u r e  e n v i r o n m e n t  as  t h e  a c t i v e  g a u g e s ,  b u t  was f r e e  from any 
s o r t  o f  m e c h a n ic a l  s t r a i n .
The p r e s s u r e  u n i t  w i t h  s o i l  sample and embedded s t r a i n  
gauges  was p l a c e d  i n s i d e  a  f r e e z i n g  chamber  h a v i n g  t h e r m o s t a t i c  
t e m p e r a t u r e  c o n t r o l  ( f i g .  15.).  S o i l  s am p les  c o u l d  be b r o u g h t  
t o  and k e p t  a t  t h e  r e q u i r e d  c o n s t a n t  t e m p e r a t u r e  i n s i d e  t h e  
f r e e z e r .
The t e m p e r a t u r e  a t  v a r i o u s  d e p t h s  o f  t h e  sam ple  was meas­
u r e d  b y  means o f  f o u r  c o p p e r - c o n s t a n t a n  t h e r m o c o u p le s  i n s e r t e d  
i n t o  t h e  spec im en  a t  t h r e e  d i f f e r e n t  l e v e l s  and c o n n ec te d  to  a 
t e m p e r a t u r e  p o t e n t i o m e t e r  t h r o u g h  a  m u l t i p o l a r  r o t a r y  s w i tc h  
( f i g .  1 6 ) .
P r e p a r a t i o n  o f  Sample
The sand  i c e  s p e c im e n s  were p r e p a r e d  a s  f o l l o w s .  A known 
w e ig h t  o f  d r y  sand  and a m easu red  amount o f  w a t e r  were t h o r o u g h ­
l y  mixed t o g e t h e r  t o  p r o v i d e  t h e  d e s i r e d  w a t e r  c o n t e n t  and h en ce  
t h e  d e s i r e d  d e g r e e  o f  i c e  s a t u r a t i o n  wh en f r o z e n .  The m o i s t  
sand t h u s  p r e p a r e d  was p l a c e d  i n  t h e  p r e s s u r e  u n i t  i n  f o u r  
e q u a l  l a y e r s ;  each l a y e r  b e i n g  com pacted  g e n t l y  t o  form f i n a l l y  
a 9 5 / s  i n c h e s  i n  d i a m e t e r  and 4 i n c h e s  h i g h  sample o f  a  c e r t a i n  
p o r o s i t y .  A f t e r  t h e  second  l a y e r  was c o m p ac ted ,  two 6 i n c h e s  
lo n g  sand  c o a t e d  s t .ra. in  gauges  ( a s  d e s c r i b e d  b e f o r e )  were p l a c e d
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c r o s s w i s e ,  h o r i z o n t a l l y  and s y m m e t r i c a l l y  ab o u t  t h e  s p e c i m e n ' s  
c e n t r o i d a l  azcis ( f i g .  1 2 ) ,  The s t r a i n  gauges  were t h u s  h a l f  
way down t h e  d e p th  o f  t h e  sample .
The p r e s s u r e  u n i t  was th e n  p l a c e d  i n t o  t h e  f r e e z i n g  
chamber .  Four  co p p e r  c o n s t a n t a n  th e r m o c o u p le s  were  p e n e t r a t e d  
i n s i d e  t h e  sample;  one was l o c a t e d  l / 4  i n c h  be low  t h e  t o p  s u r ­
f a c e  n e a r  t h e  c e n t r e  o f  t h e  sample;  two were p l a c e d  2 i n c h e s  
be low  t h e  t o p  s u r f a c e  (o n e  n e a r  t h e  c e n t r e ,  t h e  o t h e r  1 i n c h  
away from t h e  s i d e ) ;  and t h e  f o u r t h  was embedded n e a r  the -  
c e n t r e  l / 4  in c h  above t h e  b o t to m .  I n  a d d i t i o n  t o  t h e s e ,  a f i f t h  
th e r m o c o u p le  was u s e d  t o  r e c o r d  t h e  a i r  t e m p e r a t u r e  j u s t  above 
t h e  sample and a  s i x t h  one measured  t h e  sand  t e m p e r a t u r e  a round  
t h e  dummy gauge,-
On c o m p le t io n  o f  t h e  sample p r e p a r a t i o n  and n e c e s s a r y  w i r e  
c o n n e c t i o n s  to  s t r a i n  i n d i c a t o r  and t e m p e r a t u r e  p o t e n t i o m e t e r ,  
t h e  f r e e z e r  was c l o s e d  and t h e  specimen was f r o z e n  to  t h e  r e ­
q u i r e d  t e m p e r a t u r e .  B e f o r e  b e i n g  t e s t e d ,  each f r o z e n  sample 
was l e f t  a t  t h e  s e l e c t e d  c o n s t a n t  t e m p e r a t u r e  f o r  n o t  l e s s  t h a n  
6 h o u r s  to  e n s u re  u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n  t h r o u g h o u t  
t h e  f r o z e n  sam ple .
T e s t  P r o c e d u r e
Each t e s t  was s t a r t e d  by ch ec k in g  t h e  t e m p e r a t u r e  i n d i c a t e d  
by t h e  p o t e n t i o m e t e r  f o r  each o f  t h e  s i x  t h e r m o c o u p le s .  Same 
t e m p e r a t u r e  r e a d i n g s  f o r  d i f f e r e n t  l e v e l s  o f  sam ple  i n d i c a t e d  
u n i fo rm  t e m p e r a t u r e  d i s t r i b u t i o n  t h r o u g h o u t  t h e  sample and t h e
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specimen was r e a d y  to  be t e s t e d .  The s t r a i n  r e a d i n g  was s e t  
a t  zero  and t h e  a c t i v e  c h a n n e l s  were b a l a n c e d  by u s i n g  t h e  
r e s p e c t i v e  b a l a n c i n g  kn o b s .  A s e l e c t e d  i n i t i a l  p r e s s u r e  was 
t h e n  q u i c k l y  a p p l i e d  t o  t h e  f r o z e n  sample and t h e  p r e s s u r e  
v a l v e  was c l o s e d  i n s t a n t a n e o u s l y .  The i n i t i a l  p r e s s u r e  a s  i n ­
d i c a t e d  by t h e  p r e s s u r e  d i a l  and c o r r e s p o n d i n g  i n i t i a l  s t r a i n  
from s t r a i n  i n d i c a t o r  were r e c o r d e d  a g a i n s t  z e r o  h o u r .  The 
p r e s s u r e ,  i n d i c a t e d  by  p r e s s u r e  gauge ,  and s t r a i n  g i v e n  by 
s t r a i n  i n d i c a t o r  were r e c o r d e d  a f t e r  d e f i n i t e  i n t e r v a l s  o f  
t i m e .  The t e m p e r a t u r e  was k e p t  c o n s t a n t  t h r o u g h o u t  t h e  t e s t  
and was f r e q u e n t l y  ch eck ed .  A f t e r  24 h o u r s  one s e t  o f  r e a d i n g s  
was c o m p le te d ,  A few t e s t s  were c o n t i n u e d  up t o  30 h o u r s  o r  
more ,  b u t  no c o n s i d e r a b l e  change i n  r e a d i n g s  were o b s e rv e d .
A f t e r  each t e s t ,  t h e  specimen was u n lo a d e d  and was a l lo w e d  t o  
r e c o v e r  a t  32°P f o r  n o t  l e s s  t h a n  24 h o u r s  b e f o r e  r e f r e e z i n g  
f o r  a n o t h e r  s e t  o f  r e a d i n g s .  A t y p i c a l  o b s e r v a t i o n  s h e e t  u s e d  
f o r  r e c o r d i n g  d a t a  i s  shown i n  Appendix C,
As e q u i v a l e n t  sand i c e  spec im ens  h a v in g  same c o m b in a t io n  
o f  v a r i a b l e s  were l i k e l y  t o  d i f f e r  i n  o r i e n t a t i o n  o f  i c e  c r y s ­
t a l s ,  f r e q u e n t  change o f  spec im ens  was to  be a v o i d e d .  On t h e  
o t h e r  h an d ,  a sam ple ,  p r e v i o u s l y  l o a d e d ,  was l i k e l y  t o  undergo  
some sm al l  p e rm anen t  changes  i n  t h e  o r i e n t a t i o n  and shape o f  
i c e  m a t r i c e s .  Hence u s i n g  t h e  same sample f o r  a l a r g e  number 
o f  t e s t s  was a l so  n o t  a d v i s a b l e .  Number o f  t e s t s  c a r r i e d  o u t  
on one sample was v a r i e d  from one t o  t h r e e  to  m in im ize  s y s t e ­
m a t ic  e r r o r ,  i . e .  to  d i s t r i b u t e  t h e  e r r o r ,  r e s u l t i n g  from e i t h e r
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o f  t h e  above two c a s e s ,  a r b i t r a r i l y  among t h e  t o s t  d a t a .
More t h a n  s i x t y  spec im ens  were i n c l u d e d  i n  t h e  programme 
and t h e  v a r i a b l e s  s e l e c t e d  were t h e  t e m p e r a t u r e  o f  t h e  f r o z e n  
s am ple ,  i n i t i a l  s o i l  p o r o s i t y ,  d e g r e e  o f  i c e  s a t u r a t i o n  and 
t h e  i n i t i a l  p r e s s u r e .  The e x p e r im e n t  was d e s i g n e d  p a r t l y  i n  
a  s y s t e m a t i c  p a t t e r n  ( f a c t o r i a l  d e s ig n )  and p a r t l y  i n  random­
i z e d  b l o c k  so a s  t o  o b t a i n  maximum r e l i a b l e  i n f o r m a t i o n  from 
t h e  l i m i t e d  number o f  t e s t s .  The l e v e l s  o f  t h e  q u a n t i t a t i v e  
f a c t o r s  were t a k e n  to  be  f i x e d .  I n i t i a l  p r e s s u r e  was s e l e c t e d  
f rom 25 p s i ,  50 p s i , 75 p s i  and 100 p s i  ; t e m p e r a t u r e  was l i m i t ­
ed toi 80°F,  25®P, 15®? and 0®P; d e g r e e  o f  i c e  s a t u r a t i o n  u s e d  
w ere  33,.33?i, 50?o, 5 6 .6 7 ^  and 100/S w h i l e  p o r o s i t y  was f i x e d  a t  
4 6 , 0 ^ ;  4 0 . 0 ^ ,  36,.0^ o r  8 0 .0 ^ ,  The s e l e c t e d  s o i l  t e m p e r a t u r e s  
and d e g r e e  o f  i c e  s a t u r a t i o n  c o v e r  most  o f  t h e  r a n g e  which i s  
common i n  a r e a s  s u b j e c t e d  t o  m o d era te  c l i m a t e .
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CHAPTER IV 
DISCUSSION OP TEST RESULTS
A d i s c u s s i o n  o f  t h e  r e s u l t s  o f  e x p e r i m e n t a l  i n v e s t i g a t i o n s  
i s  p r e s e n t e d  "below i n  t h e  sequence  i n  which i t  was d e v e l o p e d .
R e d u c t i o n  o f  L a t e r a l  S t r e s s  w i th  Time
The main p u r p o s e  o f  t h i s  r e s e a r c h  work was t o  s tu d y  t h e  
n a t u r e  i n  which t h e  r e d u c t i o n  o f  i n d u c e d  l a t e r a l  s t r e s s  i n  a 
f r o z e n  sand mass t a k e s  p l a c e  wh en l e f t  to  i t s e l f  f o r  a  c e r t a i n  
p e r i o d  o f  t i m e  a t  c o n s t a n t  t e m p e r a t u r e  a s  w e l l  a s  t h e  e f f e c t  o f  
s e v e r a l  r e l e v a n t  p a r a m e t e r s  on t h e  m ag n i tu d e  o f  t h e  a f o r e s a i d  
r e d u c t i o n .
The l a t e r a l  r a d i a l  p r e s s u r e  ( e q u a l  t o  t h e  i n d u c e d  l a t e r a l  
s t r e s s  i n  t h e  f r o z e n  sample) r e t a i n e d  "by t h e  sand  i c e  s p e c i ­
mens a t  any  t im e  was i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  f i v e  v a r i a ­
b l e s :  t h e  i n i t i a l  l a t e r a l  p r e s s u r e  a p p l i e d  on t h e  sam ple ,  
t h e  v a l u e  o f  c o n s t a n t  sample t e m p e r a t u r e ,  Tp, t h e  i n i t i a l  s o i l  
p o r o s i t y ,  n ,  t h e  d e g r e e  o f  i c e  s a t u r a t i o n ,  , and t h e  t i m e ,  t ,  
d u r i n g  which r e d u c t i o n  o f  s t r e s s  to o k  p l a c e .
Tlio f i r s t  s e t  o f  e x p e r i m e n t s  c o n s i s t e d  o f  tw e n t y  seven 
t e s t s  p e r fo rm e d  on n i n e  sand i c e  spec im ens  o f  sand No. 1 ,  a l l  
w i th  a c o n s t a n t  i n i t i a l  s o i l  p o r o s i t y  o f  4 6 .0 0 .  The s e l e c t e d  
i c e  c o n t e n t s  o f  100,  150 and 300 c o r r e s p o n d e d  t o  t h e  d e g r e e  o f
24
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i c e  s a t u r a t i o n s  o f  a p p r o x i m a te ly  3 3 ,3 3 0 ,  500 and 1000 r e s p e c t ­
i v e l y .  [As the . u n f r o z e n  w a te r  c o n t e n t  i n  g r a n u l a r  s o i l  i s  ne­
g l i g i b l e ,  a s  p o i n t e d  o u t  by T s y to v ic h  ( 1 9 6 0 ) ,  t h e  i c e  c o n t e n t  
i n  each f r o z e n  sand  specimen was- assumed to  be eq u a l  to  i t s  
w a t e r  c o n t e n t  b e f o r e  t h e  f r e e z i n g  t o o k  p l a c e t  However ,  t h e  
d e g r e e  o f  i c e  s a t u r a t i o n  was b a s e d  on a 90 volume e x p a n s io n  o f  
t h e  p o r e  w a t e r  upon f r e e z i n g  [ 9 ]  L e v e l s  o f  t e m p e r a t u r e  were 
f i x e d  a t  0®F, 15®.F o r  30®P and i n i t i a l  l a t e r a l  p r e s s u r e  a p p l i e d  
was 2 5 p s i ,  SOpsi o r  iOOpsi .  T e s t s  were p e r fo rm e d  u n d e r  c o n d i ­
t i o n s  o b t a i n e d  by  a l l  p o s s i b l e  c o m b in a t io n s  o f  t h e  above, ment­
io n e d  s e l e c t e d  v a l u e s  o f  each v a r i a b l e .
I n  t h e  n e x t  s e t  o f  e x p e r im e n t s  sand No, 1 and sand No. 2 
were u s e d  t o  o b t a i n  p o r o s i t i e s  o f  460 ,  400 ,  360 and 300, Degree  
o f  i c e  s a t u r a t i o n  was s e l e c t e d  from t h e  s e t  o f  3 3 .3 3 0 ,  500, 
6 6 .6 7 0  and 1000, L e v e l s  o f  t e m p e r a t u r e  were  0° F ,  15®?, 25®? 
and 30®F and i n i t i a l  p r e s s u r e  was s e l e c t e d  from 2 5 p s i ,  5 0 p s i ,  
7 5 p s i  and lO O ps i .  Com bina t ions  o f  t h e s e  v a r i a b l e s  were p l a n n e d  
i n  such a manner t h a t  s u f f i c i e n t  d a t a  were a v a i l a b l e  from th e  
t o t a l  o f  s i x t y  t e s t s  p e r fo r m e d .  T e s t  d a t a  were s t u d i e d  i n  t h e  
form o f  g r a p h s  which  a r e  d e s c r i b e d  be low.
F i g u r e s  18 to  26 show t h e  r e l a t i o n s h i p  be tw een  t h e  l a t e r a l  
p r e s s u r e ,  (5-j ? r e t a i n e d  by t h e  f r o z e n  sand spec im en ,  and t h e  
c o r r e s p o n d i n g  e l a p s e d  t im e  f o r  d i f f e r e n t  v a l u e s  o f  n ,  Tp
a n d (^ £ .  Time e l a p s e d ,  t ,  a f t e r  t h e  a p p l i c a t i o n  o f  i n i t i a l  
l a t e r a l  p r e s s u r e  i s  shc'.m a l o n g  t h e  a b s c i s s a  and t h e  p r e s s u r e  
i s  shown a lo n g  t h e  o r d i n a t e .  The r e s u l t s  from a l l  t h e  e x p e r i -
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ment s show t h e  same t e n d e n c y ;  i . e .  a l l  t h e  " p r e s s u r e  t i m e "  c u r v e s  
d ro p  r a p i d l y  d u r i n g  t h e  f i r s t  h o u r  o r  so and- t h e n  k e e p s  on 
d e c r e a s i n g  a t  a s low r a t e .  I t  may be o f  i n t e r e s t  to  m en t io n  
h e r e  t h a t  t h e s e  l a t e r a l  " p r e s s u r e - t i m e  " c u r v e s  r e se m b le  t h e  
" r e l a x a t i o n  curve. " f o r  t e n s i l e  s t r e s s  shown by T s y t o v i c h  [ l l j  . 
Each o f  f i g u r e s  18 to  26 shows " p r e s s u r e - t i m e " c u r v e s  o b t a i n e d  
f o r  d i f f e r e n t  i n i t i a l  p r e s s u r e s  b u t  u n d e r  t h e  same p o r o s i t y ,  
i c e  s a t u r a t i o n  and t e m p e r a t u r e  c o n d i t i o n s ,  .
For  co n v e n ie n c e  o f  i n t e r p r e t a t i o n  a  new t e r m  " R e d u c t io n  
i n  s t r e s s  ", R^, e x p r e s s e d  a s  a p r e c e n t a g e  o f  i n i t i a l  p r e s s u r e  
i s  i n t r o d u c e d  a t  t h i s  s t a g e .  I t  i s  d e f i n e d  as
Rt = X 3.00 ( 4 - 0
w here ,  R.^ . = R e d u c t io n  i n  l a t e r a l  s t r e s s  a f t e r  t im e  t  e x p r e s s e d  
as  a p e r c e n t a g e  o f  i n i t i a l  p r e s s u r e ,
d i  = I n i t i a l  p r e s s u r e  a t  t  = 0 [ i n  p s i ]
6-1 = A c tu a l  p r e s s u r e  r e t a i n e d  a f t e r  t im e  t .  [ i n  p s i ]
F i g u r e s  27 to  41 show t h e  " R-^  v s  t  " c u r v e s  f o r  d i f f e r e n t  
c o m b in a t io n s  o f  n ,  Sp, Tp and 6 ^ . I n  each o f  f i g u r e s  27 to  35 
m a g n i tu d e s  o f  n ,  3^ and a r e  k e p t  t h e  same t o  g e t  some i d e a  
ab o u t  how t h e  " R .j. v s  t  " c u r v e s  t e n d  to  change w i th  change 
o f  t e m p e r a t u r e .  ' S i m i l a r l y  f i g u r e s  36 to  38 show t h e  e f f e c t  o f  
change o f  i n i t i a l  p r e s s u r e  on th e  b e h a v i o u r  o f  " R.j. v s  t  " 
c u r v e s .  F i g u r e s  39 and 40 show t h e  e f f e c t  o f  n  on t h e  " Rj  ^ vs  
t  " c u r v e s  and f i g u r e  41 shows t h e  e f f e c t  o f  Sp on t h e  same,
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w h i l e  t h e  r e s t  o f  t h e  v a r i a b l e s  r e m a in  unch an g ed .  I n  t h e  above
m e n t io n e d  f i g u r e s  " R-5 v s  t  " c u r v e s  were p l o t t e d  by t a k i n g
t im e  t  a lo n g  a b s c i s s a  and c o r r e s p o n d i n g  v a l u e  o f  E t  a lo n g  t h e  
o r d i n a t e . .
Fo r  each o f  " R.{^  v s  t  " c u r v e ,  t h e  r e l a t i o n  be tw een  r e d u c ­
t i o n  i n  l a t e r a l  s t r e s s  and t h e  c o r r e s p o n d i n g  t i m e  c o u ld  be 
a p p r o x im a te d  by t h e  f o l l o w i n g ,  e m p i r i c a l  e q u a t i o n ;
R-t =  A exp ( - B / t )  ( 4 -2 )
w h ere ,  A =  f ( n ,  Sp, Tp, d j )  =  R e d u c t io n  f a c t o r ,
and B =  f  ( , d p )  =  Time f a c t o r .
For  each  "Rt v s  t  " cu rve  t h e  v a l u e s  o f  n ,  , Tp and d i  a r e
c o n s t a n t .  Hence f o r  each c o m b in a t io n  o f  t h e s e  v a l u e s ,  t h e r e
a r e  u n iq u e  v a l u e s  f o r  r e d u c t i o n  f a c t o r .  A, and t im e  fac to r ,B %
'
g i v i n g  a u n iq u e  t h e o r e t i c a l  " R.{j v s  t  " curve , .
P u t t i n g  t  =  0 i n  e q u a t i o n  ( 4 - 2 ) ,  R.{j i s  found  t o  be  zero 
which g i v e s  t h e  i n i t i a l  c o n d i t i o n .  V/lien t  i s  t a k e n  to  be v e r y  
l a r g e ,  R^ a p p ro a c h e s  A, which g i v e s  t h e  maximum r e d u c t i o n  i n  
l a t e r a l  s t r e s s  t h a t  may be e x p e c t e d  u n d e r  c e r t a i n  known c o n d i ­
t i o n s .
From e q u a t i o n  ( 4 - 1 ) ,
6 ^ =  6 i  -  ( 4 _ l a )
100
P u t t i n g  v a l u e  o f  Bq from e q u a t i o n  (4 -2 )  v a l u e  o f  t h e
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r e d u c e d  l a t e r a l  p r e s s u r e  a t  a c e r t a i n  t im e  may be w r i t t e n  as
^ i  -  “ l é c T ^ i  exp ( - B / t )  ( 4 -3 )
AT a k in g  C =  , e q u a t i o n  (4 -3 )  can  be w r i t t e n  a s
( ^ t =  d i  -  C 6 i  exp' ( - B / t )  ( 4 -4 )
V a lu e s  o f  t h e  c o e f f i c i e n t s  A and B i n  t e r ra s  o f  t h e  v a r i a ­
b l e s  m e n t io n ed  e a r l i e r ,  were found  o u t  i n  t h e  fo rm s  o f  e m p i r i ­
c a l  e q u a t i o n s  by s e a r c h i n g  s y s t e m a t i c a l l y  f o r  unknown f u n c t i o n s  
b y  means o f  an e l e c t r o n i c  co m p u te r .
The p r o p o s e d  v a l u e s  o f  A and B a r e  g i v e n  be low
A =  MfSi -1-100 e^-f.  8 T ( 0 ,4 6  -  n) (4 -5 )
w i th  a maximum v a l u e  o f  100
i n  w h ic h ,  U — 0 . 2 4 5  logq# T H- 0 ,0 3 5  
k =  - 0 .0 0 7 1 7  Sj. ( V T -  1 .1 5 )
T =  32 ~ Tp = Te m p era tu re  be low  f r e e z i n g  p o i n t  i n  
F a h r e n h e i t  s c a l e  
and n =  i n i t i a l  s o i l  p o r o s i t y  w r i t t e n  i n  dec im al  fo rm .
For  T >  5,
B =  0 . 4 6  (2% )0 '185  _ o . 3 3 ' lo g ^ o  d i- ( 4 - 6 a)
w h e re ,  Si =  d e g r e e  o f  i c e  s a t u r a t i o n  i n  p e r c e n t a g e ,  
w h i l e  f o r  T ^  5 c o r r e c t e d  v a l u e  o f  B i s  p r o p o s e d  to  be B'
where B' =  B X T/5 (4 -6 b )
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Knowing t h e  v a l u e s  o f  n ,  S . T and d t h e  v a l u e s  o f  A 
and B can e a s i l y  be c a l c u l a t e d  from t h e  above  e q u a t i o n s .  U s ing  
t h e  v a l u e s  o f  A and B i n  e q u a t i o n  (4 -2 )  t h e  p e r c e n t  r e d u c t i o n  
i n  l a t e r a l  s t r e s s  a t  any  t im e  may be  e s t i m a t e d .  E q u a t io n  (4 -3 )  
o r  ( 4 -4 )  may be  u sed  t o  e s t i m a t e  t h e  m agn i tude  o f  r e d u c e d  p r e s ­
s u r e  r e t a i n e d  by  t h e  f r o z e n  sand mass a f t e r  any  g i v e n  p e r i o d  
o f  t i m e .  From e q u a t i o n  ( 4 - 4 ) ,  t a k i n g  t  t o  be  v e r y  l a r g e ,  t h e  
l o n g  te rm s t a b l e  l a t e r a l  s t r e s s  c a p a c i t y  o f  t h e  f r o z e n  sand can 
e a s i l y  be c a l c u l a t e d  a s  f o l l o w s ;
*^end~ "" ^ "  C) 6 i  ( 4 -7 )  .
E x p e r im e n ta l  r e s u l t s  show a wide r an g e  o f  p e r c e n t  r e d u c t i o n  
in. s t r e s s  w i t h i n  t h e  r a n g e  o f  p a r a m e t e r s  u se d  i n  t h e  i n v e s t i g a ­
t i o n ,  The minimum v a l u e  o f  a f t e r  24 h o u r s ,  was found
to  be 12^  a t  p o r o s i t y ,  i c e  s a t u r a t i o n ,  tem per a t u r e  and p r e s s u r e  
o f  46#,  100#,  0°F and 25 p s i  r e s p e c t i v e l y .  On t h e  o t h e r  hand 
t h e  maximum r e d u c t i o n  i n  l a t e r a l  s t r e s s  a f t e r  24 h o u r s ,  i . e .
®24 found  t o  be  99# a t  l e v e l s  o f  n ,  S j ,  Tp and o f  46#,  
3 3 ,3 3 # ,  30°p and 100 p s i  r e s p e c t i v e l y .  However,  t h e  v a l u e  o f  
R24 would i n c r e a s e  a l i t t l e  w i th  t h e  d e c r e a s e  o f  p o r o s i t y  t o  
80# as  w i l l  be shown l a t e r .
All  t h e  e m p i r i c a l  c u r v e s ,  shown by c o n t i n u o u s  l i n e s  i n  
f i g u r e s  27 t o  41 and d o t t e d  l i n e s  i n  f i g u r e s  18 to  26 show good 
ag reem en t  w i th  t h e  e x p e r i m e n t a l  r e s u l t s .  T a b le s  1 to  5 show 
t h e  com par ison  be tw een  t h e  c a l c u l a t e d  and e x p e r i m e n t a l  v a l u e s  
o f  p r e s s u r e  a f t e r  24 h o u r s ,  C a l c u l a t e d  v a l u e s  o f  Rga;
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A and E a r e  g i v e n  i n  t a b l e s  6 t o  10,
To e v a l u a t e  t h e  e f f e c t s  o f  p o r o s i t y ,  i c e  s a t u r a t i o n ,  
t e m p e r a t u r e  and i n i t i a l  p r e s s u r e  on t h e  r e d u c t i o n  o f  l a t e r a l  
s t r e s s  i n  f r o z e n  s o i l ,  t h e  p e r c e n t  r e d u c t i o n  i n  s t r e s s  a f t e r  
24 h o u r s ,  i s  talc en as  t h e  b a s i s  o f  co m p a r i so n .  The o b s e r ­
ved  e f f e c t s  a r e  g i v e n  be low  u n d e r  s e p a r a t e  h e a d i n g s .
E f f e c t  of  I n i t i a l  P r e s s u r e ,  d-j :
F i g u r e s  42 to  44 show t h e  v a r i a t i o n  o f  Rg4 w i th  t h e  i n i t i a l  
p r e s s u r e  b e i n g  shown a lo n g  t h e  a b s c i s s a  and a lo n g
t h e  o r d i n a t e .  Prom t h e s e  f i g u r e s  i t  i s  e v i d e n t  t h a t  w i th  t h e  
i n c r e a s e  i n  i n i t i a l  a p p l i e d  p r e s s u r e ,  t h e  p e r c e n t  r e d u c t i o n  i n  
s t r e s s  i n c r e a s e s .  T h e o r e t i c a l  c u r v e s  came very c l o s e  to  s t r a i g h t  
l i n e s  w i t h i n  t h e  e x p e r i m e n t a l  r a n g e .  S lope  o f  " Rp4 v s  6 -  ” 
l i n e  depends  on t e m p e r a t u r e  l e v e l  o n l y  whei 'eas  t h e  m agn i tude  o f  
i n t e r c e p t  o f  t h e  l i n e  seems to  depend  on a l l  t h e  f o u r  v a r i a b l e s .
I n  f a c t ,  t h e  e m p i r i c a l  e q u a t i o n  shows t h e  r e l a t i o n  be tw een  
Rg4 and 64  a s  f o l l o w s :
^24 =  (^1 '^ i 4- Cg) exp (-C 3  -f- C4  log^Q 6 4 ) (4--8)
w here ,  Cp.Cg, Co and a r e  c o n s t a n t  f o r  a  p a r t i c u l a r  c a s e ,
h i t h i n  t h e  e x p e r i m e n t a l  r a n g e  o f  6 4 , t h e  v a l u e  o f  
( - 63+04 l o g j o  d i )  v a r i e s  v e r y  l i t t l e  so t h a t  e}p(-Cg+C4 logj„6 i )  
r e m a in s  a lm o s t  c o n s t a n t .
Hence be tw een  d,- = 25 p s i  and d /  =  100 p s i ,  i t  can be
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w r i t t e n  t h a t
R24 =  Cg d j  4- C7 ( 4 - 8 a)
where  Cg =r M exp ( -B /2 4 )
and C7 =  [100 e ^ i - 8 T ( 0 .4 6  -  n ) ]  exp ( -B /2 4 )
F i g u r e  42 shows t h e  c o r r e l a t i o n  b e tw e en  R24 and ^ 4  a t  
c o n s t a n t  p o r o s i t y ,  i c e  s a t u r a t i o n  and t e m p e r a t u r e  a s  w e l l  as  
t h e  e f f e c t  o f  t e m p e r a t u r e  on such  c o r r e l a t i o n .  At t e m p e r a t u r e
w e l l  be low  t h e  f r e e z i n g  p o i n t ,  s ay  a t  0 ° F ,  t h e  r a t e  o f  i n c r e a s e
i n  R24 w i t h d i  i s  r e l a t i v e l y  h i g h .  From t h e  g rap h  i t  i s  s een  
t h a t  a t  n — 46#,  S4 — 50# and Tp =  O^F t h e  v a l u e  o f  Rp4 i n c r e a ­
s e s  from n e a r l y  30# a t  64  =  25 p s i  t o  n e a r l y  60# a t  64  =  lO O p s i .  
At t h e  t e m p e r a t u r e  o f  15°P ,  t h e  r a t e  o f  i n c r e a s e  o f  R?/. w i t h  64 
d e c r e a s e s  b u t  v e r y  s l i g h t l y .  B u t  a t  t e m p e r a t u r e  n e a r  f r e e z i n g  
p o i n t  i . e .  8 0 t h e  r e l a t i o n  b e tw e en  R24 and (^4 no more r e ­
mains  v i s i b l y  l i n e a r  a s  can  be s e e n  f rom t h e  f i g u r e .  T h e o r e t ­
i c a l  c u r v e  shows a v e r y  f l a t  i n i t i a l  s l o p e  o f  a  c u r v e  s l i g h t l y  
convex upwards  and a s s y m p t o t i c  w i t h  t h e  100 p e r c e n t  r e d u c t i o n  
l i n e .  T h i s  change  i n  shape  o f  " Rg^ v s  6 4 '" cu rv e  i s  d ue  to  t h e  
c o r r e c t i o n  o f  t im e  f a c t o r  B f o r  h i g h e r  t e m p e r a t u r e s .
F i g u r e  43 sliows t h e  e f f e c t  o f  i c e  s a t u r a t i o n  on t h e  c o r r e ­
l a t i o n  b e tw ee n  6 4  and Rp4 a t  c o n s t a n t  p o r o s i t y  o f  46# and tem­
p e r a t u r e  o f  15°F .  From t h e  g rap h  i t  i s  e v i d e n t  t h a t  h i g h e r  
the.  i c e  s a t u r a t i o n ,  lo w e r  i s  t h e  v a l u e  o f  R24 c o r r e s p o n d i n g  
t o  a  c e r t a i n  v a l u e  o f  ^ 4  i n  " R24 v s  <$i " p l o t .  I t  seems
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t h a t  i c e  s a t u r a t i o n  h a s  no e f f e c t  on t h e  s l o p e  o f  t h e  " R 
v s  64  '* c u r v e .
24
F i g u r e  44 shows t h e  e f f e c t  o f  p o r o s i t y  on t h e  " R24 v s  64 " 
p l o t s  a t  50# i c e  s a t u r a t i o n  and a t e m p e r a t u r e  o f  1 5 ° P. As 
p o r o s i t y  i s  d e c r e a s e d  from 46# to, 40# ,  t h e  " Rg^ v s  S i  " cu rv e  
shows n e a r l y  8#  upward s h i f t .  P o r o s i t y  a l s o  h a s  no e f f e c t  on 
t h e  s lo p e  o f  " R24 v s  64 ” c u r v e s .
f
E f f e c t  o f  Tem p era tu re  be low  F r e e z i n g  P o i n t .  T;
F i g u r e s  45 t o  47 show t h e  c o r r e l a t i o n  be tw een  r e d u c t i o n  
o f  l a t e r a l  s t r e s s  a f t e r  24 h o u r s ,  R24 , and t h e  t e m p e r a t u r e  be low  
f r e e z i n g  p o i n t ,  T.  I n  t h e  p l o t s  R24 i s  t a k e n  a l o n g  t h e  o r d i n a t e  
w h i l e  T i s  shown a lo n g  t h e  a b s c i s s a .  R24 d e c r e a s e s  n o n - l i n e a r l y  
from a h i g h  v a l u e  n e a r  f r e e z i n g  p o i n t  t o  a lo w e r  v a l u e  a s  T 
i n c r e a s e s ,  i . e .  Tp d e c r e a s e s .  ” R24 v s  T *' c u r v e s  a r e  concave  
upwards  and t e n d  to  merge a t  h i g h e r  v a l u e s  o f  R24 i . e .  low 
v a l u e s  o f  T.  F i g u r e  45 shows t h e  " R24 v s  T ” c u r v e s  a t  n  = 46# 
and 84= 50# and a t  t h r e e  l e v e l s  o f  6 4 , namely  25 p s i ,  50 p s i  
and 100 p s i .  H ig h e r  t h e  i n i t i a l  p r e s s u r e ,  h i g h e r  i s  t h e  " Rp4 
v s  T " c u r v e .  F ig u re  46 shows t h e  " R24 v s  T " c u r v e s  f o r  n = 4 6 #  
and 64  =  25 p s i  a t  t h r e e  l e v e l s  o f  i c e  s a t u r a t i o n  i . e .  100# ,  50# 
and 3 3 .3 3 # .  High i c e  s a t u r a t i o n s  t e n d  to  i n c r e a s e  t h e  c u r v a t u r e  
o f  t h e  p l o t s  and b r i n g  them l o w e r .  F i g u r e  47 shows t h e  e f f e c t s  
o f  p o r o s i t y  on t h e  " R24 v s  T " c u r v e s .  I n  a l l  t h e  c a s e s ,  how­
e v e r ,  t h e  e f f e c t s  o f  v a r i a b l e s  seem to  be  more p ron o u n ced  a t  low­
e r  t e m p e r a t u r e s .  M so  t h e  s lo p e  o f  each^R gi  v s  T "cu rv e  i s  s t e e p -
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e r  n e a r  t h e  f r e e z i n g  poin t -  and becomes f l a t - a t  lo w e r  t e m p e r a t u r e ,
E f f e c t  o f  Degrce  o f  I c e  S a t u r a t i o n ,  S j :
F i g u r e s  48 t o  50 show t h e  n o n - l i n e a r  r e l a t i o n  be tw een  t h e  
r e d u c t i o n  o f  l a t e r a l  s t r e s s  a f t e r  24 h o u r s  Egd; and d e g r e e  o f  
i c e  s a t u r a t i o n  S4 , a s  w e l l  as  t h e  i n t e r e f f e c t s  o f  i n i t i a l  p r e s ­
s u r e ,  (di , t e m p e r a t u r e ,  Tp, and p o r o s i t y ,  n ,  on such r e l a t i o n s h i p .  
The " R24 v s  Sj " c u r v e s  a r e  somewhat s i m i l a r  t o  " R24 v s  T ” 
c u r v e s  b u t  have  l e s s e r  and more o r  l e s s  u n i fo rm  c u r v a t u r e .
The e f f e c t s  o f  d i  and n i s  same as  i n  t h e  p r e v i o u s  c a s e  ( f i g u r e s  
48 and 4 9 ) ,  But w i th  i n c r e a s e d  t e m p e r a t u r e ,  i . e .  a t  t e m p e r a t u r e  
n e a r  f r e e z i n g  p o i n t ,  t h e  cu rv e  becomes f l a t  ( f i g .  30 ) .
E f f e c t  o f  P o r o s i t y ,  n;
F i g u r e s  51 to  53 show t h e  p o r o s i t y ,  n ,  v s  r e d u c t i o n  i n  
l a t e r a l  s t r e s s  a f t e r  24 h o u r s ,  -Rpd c u r v e s  f o r  d i f f e r e n t  v a l u e s  
o f  S4 , 0?p and d i . The " R24 vs  n " c u r v e s  a r e  s t r a i g h t  l i n e s  
w i th  n e g a t i v e  s l o p e ,  i n d i c a t i n g  l i n e a r  d e c r e a s e  o f  R24 w i th  
i n c r e a s e  i n  n .  F i g u r e s  51 and 52 show t h a t  t h e  s lo p e  o f  t h e  
s t r a i g h t  l i n e s  r e p r e s e n t i n g  ” R24 v s  n " p l o t  does  n o t  depend 
on 6 4  o r  S^, I n c r e a s e  i n  (S j i n c r e a s e s  t h e  i n t e r c e p t  o f  such 
l i n e s  on o r d i n a t e  showing Rgi ,  w h i l e  an i n c r e a s e  i n  84 d e c r e a s e s  
t h a t .  Tem pera tu re  seems to  have  a marked e f f e c t  on t h e  s lo p e  
o f  t h e  " R24 vs  n " c u r v e s .  F ig u re  53 shows an i n t e r e s t i n g  f a c t  
from t h e  *' R24 vs  n "  c u r v e s  f o r  84=  50#,  and 64  =  5 0 p s i .  th en  
t e m p e r a t u r e  changes  from 0°P  to  IS ^F ,  v a l u e  o f  R24 i n c r e a s e s
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i f  p o r c s i t y  i s  above 36,.5#; w h i le  R24 d e c r e a s e s  i f  p o r o s i t y  i s  
b e l  0 w 36 c 5# .
R e p r o d u c i b i l i t y  o f  A ooara tus  and T echn ique
Vihen t h e  same sand i c e  spec imen was t e s t e d  t w i c e  u n d e r  th e  
same c o n d i t i o n s  o f  v a r i a b l e s ,  some d i f f e r e n c e  was o b s e rv e d  
be tw een  two s e t s  o f  d a t a .  Check t e s t s  were r u n  on s e v e r a l  
samples  t o  d e t e r m in e  t h e  r e p r o d u c i b i l i t y  o f  t h e  a p p a r a t u s  and 
t e c h n i q u e  u s e d .  T a b le  11 shows t h e  t a b u l a t e d  v a l u e s  o f  p r e s s ­
u r e  r e c o r d e d  a f t e r  12  h o u r s  as  o b t a i n e d  from a number o f  f r o ­
zen sand spec im ens  s u b j e c t e d  t o  d u p l i c a t e  t e s t s .  F iv e  d u p l i ­
c a t e  t e s t s  were p e r fo rm e d  and t h e  r e s u l t s  were compared.
To draw a r e a s o n a b l e  co m p a r i so n  f o r  each  s e t  o f  e x p e r i m e n t s ,  
t h e  f o l l o w i n g  i t e m s  were r e c o r d e d :  t h e  m easured  v a l u e  o f  6 1 2 » 
t h e  Range,  R, i n d i c a t i n g  t h e  p o s s i b l e  d i f f e r e n c e  b e tw e e n  t h e  
h i g h e s t  and t h e  l o w e s t  o b s e r v a t i o n s ,  s t a n d a r d  d e v i a t i o n ,  S, 
and t h e  c o e f f i c i e n t  o f  v a r i a t i o n ,  V, e x p r e s s i n g  t h e  d i s p e r s i o n  
o f  r e s u l t s  on a p e r c e n t a g e  b a s i s .
Observed r a n g e  R, v a r i e d  from 0 . 6  p s i  t o  2 .7  p s i  w h ereas  t h e  
c o e f f i c i e n t  o f  v a r i a t i o n  v a r i e d  fror.; 2 .8 8 #  to  1 1 .4 # .  The d i s ­
p e r s i o n  o f  t h e  t e s t  r e s u l t s  c o u ld  be c a u s e d  by t h e  f o l l o w i n g  
f a c t o r s .
a) The r e p r o d u c i b i l i t y  o f  t h e  a p p a r a t u s  and t h e  
e x p e r i m e n t a l  t e c h n i q u e  u s e d .
b) M ech an ic a l  p r o p e r t i e s  o f  t h e  s a n d - i c e  sys tem .
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e s p e c i a l l y  t h e  f o r m a t i o n  and b e h a v i o u r  o f  
t h e  i c e  m a t r i c e s  i n  t h e  s a n d - i c e  system.
As i t  i s  i m p o s s i b l e  t o  p ro d u c e  two spec im ens  w i th  i d e n t i c a l  
f o r m a t i o n  and o r i e n t a t i o n  o f  i c e  m a t r i c e s ,  and as  any  a p p l i e d  
l o a d  w i l l  c a u s e  pe rm anen t  c h a n g e s ,  no m a t t e r  how s m a l l ,  i n  t h e  
i c e  m a t r i c e s  o f  t h e  sp ec im e n ,  t h e  second f a c t o r  may be assumed 
t o  c o n t r i b u t e  c o n s i d e r a b l y  t o  t h e  d i s p e r s i o n  o f  r e s u l t s .  Hence 
f o r  p r a c t i c a l  p u r p o s e s  t h e  r e p r o d u c i b i l i t y  o f  a p p a r a t u s  and 
t e c h n i q u e  u s e d  i n  t h i s  r e s e a r c h  work may be c o n s i d e r e d  t o  be 
o f  s a t i s f a c t o r y  p r e c i s i o n  on t h e  b a s i s  o f  i n f o r m a t i o n  g i v e n  i n  
t a b l e  1 1 . •
S t r a i n  Time Curves
S t r a i n  m easurem ents  were a l s o  talc en f o r  each t e s t  a s  a d d i ­
t i o n a l  d a t a  t o  o b s e r v e  t h e  d e f o r m a t i o n  b e h a v i o u r  o f  t h e  f r o z e n  
g r a n u l a r  s o i l  u n d e r  l a t e r a l  r a d i a l  p r e s s u r e .  A l though  i t  i s  
beyond  t h e  scope  o f  t h i s  t h e s i s  t o  d i s c u s s  c o m p re s s iv e  s t r a i n ­
t im e  r e l a t i o n s h i p  i n  f r o z e n  sand i n  d e t a i l ,  a  few r e p r e s e n t a t i v e  
s t r a i n - t i m e  c u r v e s  a r e  p r e s e n t e d  i n  Appendix  B. F i g u r e s  54 t o  
58 show some o f  t h e  " s t r a i n - t i m e  " c u r v e s  which were p l o t t e d  
f rom e x p e r i m e n t a l  d a t a .  A b r i e f  d i s c u s s i o n  on t h e s e  c u r v e s  i s  
g i v e n  be low a s  an i n t r o d u c t i o n  to  t h e  s t r a i n - t i m e  b e h a v i o u r  o f  
f r o z e n  g r a n u l a r  s o i l s  u n d e r  l a t e r a l  p r e s s u r e .
The " s t r a i n - t i m e  " c u r v e s  ( f i g ,  54 t o  57) show a t e n d e n c y  
to  i n c r e a s e  i n  m agn i tude  r a p i d l y  d u r i n g  t h e  f i r s t  few h o u r s ,
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b u t  t h e  s lo p e  o f  t h e  c u r v e s  d e c r e a s e s  w i th  t im e  and t h e  m agni tude  
o f  - s t r a in  i n c r e a s e s  v e r y  s lo w ly  a f t e r  some time..  T h is  t e n d e n c y  
how ever ,  seems to  be v a l i d  f o r  l o w e r  t e m p e r a t u r e  o n l y .  At 
h i g h e r  t e m p e r a t u r e  n e a r  t h e  f r e e z i n g  p o i n t ,  t h e  c u r v e s  i n d i c a t e  
a d i f f e r e n t  t en d e n c y  as  can be seen  i n  f i g u r e  58. I n  t h i s  c a s e  
t h e  c u r v e s  r i s e  to  a maximum v a l u e  o f  co m p re ss iv e  s t r a i n  w i th  
a r a t h e r  s t e e p  s lo p e  and t h e n  d ro p  to  m a i n t a i n  a m i ld  s lo p e  
a lm o s t  p a r a l l e l  to  t h e  t im e  a x i s .  T h is  phenomenon i s  no d o u b t  
i n t e r e s t i n g  and may be talcen a s  a c l u e  t o  f u r t h e r  i n v e s t i g a t ­
i o n s ,  T h is  t e n d e n c y  o f  r a p i d  i n i t i a l  f lo w  o f  s a n d - i c e  system 
a t  t e m p e r a t u r e  n e a r  f r e e z i n g  p o i n t ,  b e f o r e  a t t a i n i n g  a slow 
r a t e  o f  d e f o r m a t i o n  may be e x p l a i n e d  a s  f o l l o w s .  As was men­
t i o n e d  e a r l i e r  i n  C h a p te r  I I ,  any l o a d  a p p l i e d  to  f r o z e n  g r a n u ­
l a r  s o i l  c a u s e s  a c o n c e n t r a t i o n  o f  s t r e s s e s  a t  t h e  c o n t a c t  
p o i n t s  be tw een  th e  m in e ra l  p a r t i c l e s  and i c e  c r y s t a l s .  At a 
t e m p e r a t u r e  n e a r  t h e  m e l t i n g  p o i n t  o f  i c e ,  such c o n c e n t r a t i o n  
o f  s t r e s s  may cau se  t h e  m e l t i n g  o f  i c e  i n  c o n t a c t  w i th  s o i l  
p a r t i c l e s ,  due to  t h e  r e d u c t i o n  o f  f r e e z i n g  p o i n t  a t  h i g h e r  
p r e s s u r e .  Thus a r a p i d  f low  o c c u r s  as  i n d i c a t e d  by t h e  r a p i d ­
l y  i n c r e a s i n g  co m p ress iv e  s t r a i n .  A f t e r w a r d s ,  t h e  m e l ted  i c e  
r e g e l a t e s  a t  p l a c e s  o f  low er  p r e s s u r e  and i n c r e a s e s  i n  volume 
showing a d e c r e a s e  i n  t o t a l  c o m p r e s s i v e  s t r a i n .  However ,  more 
s t r a i n - t i m e  c u r v e s  f o r  l o n g e r  t im e  p e r i o d  i s  to  be s t u d i e d  f o r  
more e l a b o r a t e  e x p l a n a t i o n .
L ik e  " p ro  s s u re  - t im e  c u r v e s ,  t h e  " s t r a i n - t i m e  " c u rv e s
were a l s o  found  to  be a f f e c t e d  by t e m p e r a t u r e  to  a g r e a t  e x t e n t ;
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t h e  m agni tude  o f  s t r a i n  b e i n g  h i g h e r  a t  h i g h e r  t e m p e r a t u r e .  
I n c r e a s e  i n  i n i t i a l  p r e s s u r e  a l s o  in c r e a s e d ,  t h e  c o m p re s s iv e  
s t r a i n ,  which i s  o b v io u s .  Magnitude  o f  c o m p re s s iv e  s t r a i n  i n  
t h e  s a n d - i c e  system wa.s a l s o  a f f e c t e d  by  t h e  d e g r e e  o f  i c e  
s a t u r a t i o n  and p o r o s i t y ,  b u t  no d é f i n i t  t e n d e n c y  c o u ld  be 
p r e d i c t e d  as  i t  was p o s s i b l e  i n  t h e  c a s e  o f  t h e  p r e s s u r e - t i m e  
r e l a t i o n s h i p  i n  f r o z e n  g r a n u l a r  s o i l . .
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS
On t h e  b a s i s  o f  e x p e r i m e n t a l  r e s u l t s  and t h e  a n a l y s i s  o f  
t h e s e  r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r ,  t h e  f o l l o w i n g  
c o n c l u s i o n s  can be  drawn; .
1 ,  R e d u c t io n  i n  l a t e r a l  in d u c e d  p r e s s u r e  i n  f r o z e n  g r a n u l a r
s o i l  a t  c o n s t a n t  t e m p e r a t u r e  was found  t o  b e  a f u n c t i o n  
o f  f i v e  v a r i a b l e s ;  t h e  m agn i tude  o f  t e m p e r a t u r e  be low 
f r e e z i n g  p o i n t  ( T ) o f  t h e  sam ple ,  t h e  i n i t i a l  l a t e r a l  
p r e s s u r e  (6 4 ) a p p l i e d  to  t h e  sam ple ,  t h e  t im e  ( t )  e l a p s e d  
a f iex '  t h e  a p p l i c a t i o n  o f  i n i t i a l  p r e s s u r e ,  i n i t i a l  p o r o ­
s i t y  (n) o f  t h e  s o i l  and d e g r e e  o f  i c e  s a t u r a t i o n  ( 8 4 )
o f  t h e  spec imen.
2, R e d u c t io n  i n  l a t e r a l  s t r e s s  i n  f r o z e n  g r a n u l a r  s o i l  i s  
h i g h l y  d e p e n d e n t  on t h e  t e m p e r a t u r e  o f  t h e  f r o z e n  sand .  
R e d u c t io n  o f  l a t e r a l  s t r e s s  i n  sand  i c e  sam ples  a f t e r
24 h o u r s ,  Rg^, were found  to  be above 90# o f  t h e  i n i t i a l  
p r e s s u r e  i n  most  c a s e s  when t h e  t e m p e r a t u r e  was c o n s t a n t
a t  30°E. The v a l u e  o f  Rg4 was found  to  be much low er
a t  r e l a t i v e l y  low er  t e m p e r a t u r e .  Hence ,  where l a t e r a l  
t h r u s t  i s  to  be a v o i d e d ,  i n t e r n a l  h e a t i n g  a r r a n g e m e n t s ,  
to  keep  t h e  s u r r o u n d i n g  f r o z e n  sand t e m p e r a t u r e  as  h ig h  
as  p o s s i b l e ,  may s e rv e  t h e  p u r p o s e .  On t h e  o t h e r  h and .
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where l a t e r a l  s t r e n g t h  i s  a  r e q u i r e m e n t ,  t h e  p o s s i b l e  
r i s e  i n  t e m p e r a t u r e  i s  t o  be  g u a rd e d  a g a i n s t .
3. The p e r c e n t  r e d u c t i o n  o f  l a t e r a l  s t r e s s  was fo u n d  to
be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  i n i t i a l  p o r o s i t y  o f
t h e  f r o z e n  g r a n u l a r  s o i l ,  p r o v i d e d  t h a t  t h e  o t h e r  v a r ­
i a b l e s  a f f e c t i n g  t h e  r e d u c t i o n  r em a in  c o n s t a n t .  The 
r a t e  o f  i n c r e a s e  i n  R24 w i th  t h e  d e c r e a s e  i n  i n i t i a l  
s o i l  p o r o s i t y  was found  to  be d e p e n d e n t  on t e m p e r a t u r e  
on ly . .
4.  The v a l u e  o f  p e r c e n t  r e d u c t i o n  o f  l a t e r a l  s t r e s s  i n  f r o ­
zen g r a n u l a r  s o i l  i n c r e a s e s  w i t h  t h e  i n c r e a s e  o f  i n i t i a l
p r e s s u r e ;  t h e  i n c r e a s e  b e i n g  a p p r o x i m a t e l y  l i n e a r  f o r  
p r a c t i c a l  r a n g e .  The r a t e  o f  i n c r e m e n t  i n  R24 w i th  t h e  
i n c r e a s e  i n  i n i t i a l  p r e s s u r e  d e p en d s  on t h e  t e m p e r a t u r e  
o f  t h e  f r o z e n  sample ,
5.  Degree  o f  i c e  s a t u r a t i o n  i n  a s a n d - i c e  S3“stem h a s  a  non­
l i n e a r  e f f e c t  on R24Î t h e  l a t t e r  d e c r e a s e s  w i th  t h e  i n ­
c r e a s e  o f  t h e  f o rm e r .  The r a t e  o f  d e c r e a s e  i n  t h e  v a l u e  
o f  R2/). i s  g r e a t e r  a t  lo w e r  m ag n i tu d e  o f  84.
6 . I n  t h i s  p a r t i c u l a r  c a s e  t h e  tjqpe o f  sand d i d  n o t  have
any a p p r e c i a b l e  e f f e c t  on t h e  r e d u c t i o n  r a t e  o f  l a t e r a l  
s t r e s s  i n  f r o z e n  s a n d .  However ,  t h i s  c o n c l u s i o n  may n ee d  
f u r t h e r  e x p e r i m e n t a l  e v i d e n c e ,
7 .  A g e n e r a l  e q u a t i o n  was d e v e lo p e d  f o r  p r e d i c t i n g  t h e  v a l u e  
o f  l a t e r a l  p r e s s u r e  r e t a i n e d  by  t h e  4 i n c h e s  t h i c k  s an d -
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i c e  la^rer at- anj»- s e l e c t e d  t im e  a f t e r  t h e  a p p l i c a t i o n  o f  
lînown i n i t i a l  p r e s s u r e ,  p r o v i d e d  t h a t  t h e  t e m p e r a t u r e  
r em a in s  c o n s t a n t  and t h e  i n i t i a l  p o r o s i t y  and d e g r e e  o f  
i c e  s a t u r a t i o n  o f  t h e  sample i s  Imown.
The pro p o sed  g e n e r a l  e q u a t i o n  may be- u s e d  to  d e t e r m in e  
t h e  p e r c e n t  r e d u c t i o n  o f  l a t e r a l  s t r e s s  a t  any p a r t i c u l a r  
t i m e ,  as  w e l l  a s  to  p r e d i c t  t h e  s t a b l e  l o n g  te rm  p r e s s u r e  ■ 
t h a t  can  be r e t a i n e d  by t h e  s a n d - i c e  system..
8 . The g e n e r a l  shape o f  t h e  " p r e s s u r e —tim e  " c u r v e s  f o r  
l a t e r a l  p r e s s u r e  i n  f rozen,  g r a n u l a r  s o i l  r e s e m b l e s  t h e
" r e l a x a t i o n  cu rv e  *' o r  " l o n g  te rm  s t r e n g t h  " c u r v e s  f o r  
any o t h e r  ty p e  o f  s t r e s s e s .  I n  g e n e r a l ,  t h e  m a jo r  p a r t  
o f  t h e  r e d u c t i o n  o f  l a t e r a l  s t r e s s  i n  sand i c e  S3’’stem 
o c c u r  d u r i n g  . th e  f i r s t  few h o u r s  a f t e r  t h e  a p p l i c a t i o n  
o f  i n i t i a l  p r e s s u r e .  The r e d u c t i o n  t h a t  o c c u r s  a f t e r ­
wards  i s  o n ly  a f r a c t i o n  o f  t h e  t o t a l  r e d u c t i o n  i n  s t r e s s .
9 ,  The l a t e r a l  t h r u s t  p ro d u ce d  bj'' f r o z e n  sand maj»" be t a k e n  a s
a t e m p o ra ry  l i v e  l o a d  f o r  d e s i g n  p u r p o s e s  and  a  s m a l l e r  
s a f e t y  f a c t o r  may be  assumed when t h e  maximum t h r u s t  i s  
t a k e n  i n t o  c o n s i d e r a t i o n .
Recommendations f o r  F u r t h e r  % r k s
1 .  R e d u c t i o n - i n  l a t e r a l  s t r e s s  w i th  t im e  may be  i n v e s t i g a t e d
f o r  s o i l s  o t h e r  th a n  g r a n u l a r  s o i l .
2.  E f f e c t  o f  p a r t i c l e  s i z e  and shape o f  g r a i n s  i n  gra.nula,r
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s o i l  on t h e  r e d u c t i o n  o f  l a t e r a l  s t r e s s  i n  f r o z e n  sand  
s hou ld  be i n v e s t i g a t e d .
L a t e r a l  p r e s s u r e s ,  o t h e r  t h a n  r a d i a l  p r e s s u r e  s h o u ld  
be  u sed  to  f i n d  o u t  t h e  e f f e c t  o f  t h e  t y p e  o f  r e s t r a i n t  
on t h e  *' p r e s s u r e - t i m e  " c h a r a c t e r i s t i c s  o f  f r o z e n  s o i l .
E f f e c t  o f  v e r t i c a l  r e s t r a i n t  o r  o v e r b u r d e n  p r e s s u r e  may 
a l s o  be  i n v e s t i g a t e d  as  an e x t e n s i o n  o f  t h i s  work.
S t r a i n - t i m e  r e l a t i o n s h i p  i n  l a t e r a l l y  s t r e s s e d  f r o z e n  
s o i l  may be  i n v e s t i g a t e d ,  and t h e  e f f e c t  o f  t e m p e r a t u r e ,  
i n i t i a l  p r e s s u r e ,  s o i l  p o r o s i t y  and d e g re e  o f  i c e  s a t u ­
r a t i o n  on such r e l a t i o n s h i p  may be t h o r o u g h l y  s t u d i e d .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 2
REFERENCES
1.  / ü id e i ' s l and,  0 .  B,., and A lc i l i ,  V/,, " S t r e s s  E f f e c t
on C r e e p r a t e s  o f  a F ro z en  C lay  S o i l  " -  Geo t e  c l in iq u e ,
Y.  14 ,  No. 1 ,  March 1967 ,  p . 2 7 -3 0 ,  ( 1 9 6 7 ) .
2. Brown, R. J .  E, , " R e l a t i o n  Between  Mean Annual A i r  
and Ground T e m p e ra tu r e s  i n  t h e  P e r m a f r o s t  R eg io n s  o f  
Canada " -  N . R . C , , Canada,  D i v i s i o n  o f  B u i l d i n g  Re­
s e a r c h ,  R e s ea rc h  p a p e r  No, 296,  (1 9 0 8 ) .
3. G o ld ,  L ,  W. , " Some Bu lk  P r o p e r t i e s  o f  I c e  " -  N .R .C ,
Canada,  D i v i s i o n  o f  B u i l d i n g  R e s e a r c h ,  T e c h n i c a l  P a p e r  
No. 256, ( 1 9 6 7 ) .
4.  Gold ,  L, Vr,, " E l a s t i c  and S t r e n g t h  P r o p e r t i e s  o f
F r e s h - vïater  i c e  " -  N .R .C .  Canada ,  D i v i s i o n  o f  B u i l d ­
i n g  R e s e a r c h ,  T e c h n i c a l  P a p e r  No. 283, ( 1 9 6 8 ) .
5 .  Goughnour ,  R. R. , and And ei* s i  and ,  0 . B, , " M ech a n ic a l
P r o p e r t i e s  o f  Sand I c e  Sjrstem " -  A. S .C .E .  P r o c ,  Y. 94 ,  
J o u r n a l  o f  t h e  S o i l  M echan ics  and F o u n d a t io n  D i v i s i o n  
No. SvI4, J u l y  1968,  P a p e r  6030,  p .  9 2 3 -5 0 ,  ( 1 9 6 8 ) .
6 . J u m i k i s ,  A. R. , *' Thermal S o i l  M echan ics  '* -  R u t g e r s
U n i v e r s i t y  P r e s s ,  New B ru n s w ic k ,  New J e r s e y ,  ( 1 9 6 6 ) .
7 .  K r a u s z ,  A. S . , " An E x p e r i m e n t a l  I n v e s t i g a t i o n  o f  
S t r a i n  R e l a x a t i o n  i n  I c e  " -  N .R .C .  Canada,  D i v i s i o n  
o f  B u i l d i n g  R e s e a r c h ,  R e s e a r c h  P a p e r  No. 387, ( 1 9 6 9 ) .
8 . L a b a ,  J .  Ï .  , " L a t e r a l  T h r u s t  i n  F ro z e n  G r a n u l a r  
S o i l s  Due to  T e m p e ra tu re  Cliange " ~ Highway R e sea rc h  
Record  304,  H .R .E ,  N a t i o n a l  Academy o f  S c i e n c e s ,  
W ashington  B.C.  ( 1 9 7 0 ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
43
REFERENCE 3 ( e o n i i  nu ed)
9,  L a b a ,  J .  T . ,  " L a t e r a l  T h r u s t  E x e r t e d  by F ro ze n
G r a n u l a r  S o i l s  due t o  Tem p e ra tu re  Change " -  Ph .D.
T h e s i s ,  D ep a r tm en t  o f  C i v i l  E n g i n e e r i n g ,  F a c u l t y  o f
G r a d u a te  S t u d i e s ,  U n i v e r s i t y  o f  W indsor ,  ( 1 9 7 0 ) .
10 ,  P e n n e r ,  E , ,  " The I m p o r ta n c e  o f  F r e e z i n g  R a te  i n
F r o s t  A c t io n  i n  S o i l s  " -  P r o c e e d i n g s  o f  t h e  A, S.T.1!.
V. 6 0 ,  (1960)»
11 ,  T s y t o v i c h ,  N, A . ,  " B ases  and F o u n d a t i o n s  on F rozen
S o i l  " -  Highway R e s e a rc h  B oard ,  S p e c i a l  R e p o r t  58, 
( 1 9 6 0 ) .
12 ,  T s y t o v i c h ,  N. A . ,  E t ,  Al. . ,  ' ' B a s i c  M echan ics  o f  F r e e ­
z i n g , F r o z e n  and Thawing S o i l s  " =- N,R..G. Canada ,  
D i v i s i o n  o f  B u i l d i n g  R e s e a r c h ,  T e c h n i c a l  T r a n s l a t i o n  
1239 ,  ( 1 9 6 6 ) .
18 .  V o i t k o v s h i i ,  K,- F. , and K r y l o v ,  M. M.,  " U s e  o f  I c e ,
Snow and .Frozen S o i l  i n  Eng inee r ing-  S t r u c t u r e s  " -  
K.R..C. Canada,  D i v i s i o n  o f  B u i l d i n g  R e s e a r c h ,  T e c h n i c a l  
T r a n s l a t i o n  1267,  ( 1 9 6 7 ) ,
14 ,  V ya lov ,  S. S . ,  E t ,  A l . ,  " M e th o d s  o f  D e te r m in in g
C ree p ,  Long Terra S t r e n g t h  and C o m p r e s s i b i l i t y  Charac­
t e r i s t i c s  o f  F ro z e n  S o i l s  " ~ N.R. C, Canada,  D i v i s i o n  
o f  B u i l d i n g  R e s e a r c h ,  T e c h n i c a l  T r a n s l a t i o n  1364,  
( 1 9 6 6 ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
44
APPENDIX A
MlSCELLÀi^EOÜS FIGURES
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
45
A n c h o r  / R o/
'- / T /  7  /  /  /  / /  /
7  / / ' / T / Y V / / / /  /  /  y
Deo cimoii
S t e e l  Piler----
P i g ,  i  L a t e r a l  T h r u s t  E x e r t e d  by F r o z e n  S o i l  
A g a i n s t  S h e e t p i l e  and  Deadman,
S ur face  Finish~\
' / /  y F rozen  / ^o\ \ /  / V/ail
F i g .  2 L a t e r a l  T h r u s t  A g a i n s t  t h e  C o n f i n i n g  
W a l l s  o f  a  Car  P a r k .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
46
Fige 3 A S i m p l i f i e d  Model o f  a  Hexà.gonal P r i s m  
Unite ( a f t e r  K ra u sz )
C-Axis
E
r
r
Fige  4 P l a s t i c  D e f o r m a t i o n  Under t h e  E f f e c t  o f  
S h e a r  S t r e s s  ( a f t e r  K r a u s z ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
P i g ,  5 The Curve  o f  t h e  R e l a x a t i o n  o f  S t r e s s e s  
i n  F r o z e n  S o i l s ,  ( a f t e r  T s y t o v i c h )
2 0  p-
o>
0 f m ts an as noj
fiiin
P i g ,  6 a) Long Term S t r e n g t h  C h a r a c t e r i s t i c s  o f  
- F r o z e n  S o i l  Under  T e n s i l e  S t r e s s ,
b) E x p e r i m e n t a l  (1)  and  T h e o r e t i c a l  (2)
Curves  I l l u s t r a t i n g  R e l a x a t i o n  C h a r a c t e r ­
i s t i c s  o f  F r o z e n  F i n e  Sandy  Loam,
( a f t e r  T s y t o v i c h )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
48
_j • <
<
<?- o (/)
JC 1- !U 1-
u> ÜJ 5 z
(£>
'ti­
UL o (T Ù1 o
0
CO 10
II s LlICL £Lll
c
n
CD in J-t-
X
w
0 04X0
® ,10
I T"
O
w
in
o
CO
C\i
o
OJ
Oo
<M
O
(0 W
o
w
O
CO
o
St
h
\o w
^  03
« F, 
W (2) -H +3 « <H030 w
S o
rh w 
0) 0)
E ^
0) - p  
C-H 03 A 
h  0) O p, 
<M S  O 
CO Eh 
0)
> rHh Cli fS -H C) +3 •H(U Ü&M•H
Eh t J 
t (D <U p  
fn c5 3 O
(0 *fHw fd Q) g
0)H f: 
03 -p  
Ü
«rl SA, O
>3 fH
EH k
to
tH
C>H
' r s  % '3  Ü n  s  s  3  y  d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
49
UJ
£r3K
<£
tr
UJ
CL
s
H
-i-------------  '---->-------- '-------- '-------- '---
120 160 200  240 280 320 36040  800
T I M E  ( m l n . )  .
Plgo  8 P o s s i b l e  T e m p e ra tu r e  V a r i a t i o n  i n  N a tu re ,
w
a.
30 Ü—t, —Hw
cc
40 BO 120 160 200 240 200
T I M E  ( m i n . )
F i g ,  9 E x p e c t e d  P r e s s u r e - T i m e  Curve  F o r  T e m p e ra tu r e  
C o n d i t i o n  Shown i n  F i g ,  8 .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
50
TYLER STANDARD SIEVE NUMBERS
3  4  G G 10 W  2 0  2 0  3 5  4 0  G S  I C O  1 5 0  2 0 0100
9 0
8 0
TO
)_ 6 0
AND No.2
z  5 0
u  4 0
a  3 0
20
10
0 0 0 5
GRAIN S I Z E  IN M ILLI iKET ERS
Fige  10 G r a i n  S i z e  D i s t r i b u t i o n  Diagram,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
51
3 Al VA 9NIQ3318 HIIM 
3NI1 3 ü n S S 3 ü d  110
aoQNilAO 1.5 a.L S
<D<U
•Pco
<üs:p
bû
fi*f4
i
co
pp
fi
f i )
Q)
fi
fiwm0)
f i  »
%
G) CÜ Æ fi
Cÿ 
•H
G) fiP  0)
<MO
fi
m
o xJp  fi p  (d o
G) fi co eu • "rt M fi 
CO po pfi Î>Jo  u
Hr4
'H
ü.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
Pig» 12 The P r e s s u r e  U n i t  w i t h  t h e  P r e s s u r e  Pump.
v .v .v
F i g ,  13 T e m p e ra tu r e  P o t e n t i o m e t e r  ( L e f t )  and  S t r a i n  
I n d i 0a t o r  (H i gh t ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
53
Fige l4 S t r a i n  Gauges  a s  M a n u fa c tu r e d  ( L e f t )  and 
C o a te d  w i t h  Sand ( R i g h t ) .
F ig»  15 P r e s s u r e  U n i t  I n s i d e  t h e  F r e e z e r ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
[•
I
Figo 16 Com ple te  E x p e r i m e n t a l  S e t  Up*
Pigc  I ?  A c c e s s o r i e s  Used i n  t h e  T e s t s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX B
FIGURES SHOWING 
TEST DATA IN GRAPHICAL FOîîl.i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
56
.'•T
o
O i
r? t < •}.•“) » r? c  •: I
COk.3O
X
LU
%
Ft CO
0 0)
ff-i P
P
CO CO
0) CO
3 00
H p
CO' FU
>
H
x i erf
<u •r-l
-p
03
1—1 p
0  M
Ü
H  P
g3 p
O Q)
P
T t P
sd P t
ns 4-<
•H
fH Q
erf
p P
G O
00 P
El Æ
Ft
Q) P
P t  erf
X
M COp
P î>
0) p
CD p
Ü
P
0) p
pq 6
•H
C  Ro t
CO CO
•H p
Ft p
erf CO
P , CO
e (D
o P
O  P-I
CO
r-t
ta
«H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
57
_ ]  y
I  a
0^ ^  W  LO  0^ U . £= 0 -  
$ 0 2  §  8
:  1
!
11
F
11
/ . . . . . .
I
1
1
1
!
1
1
1
i
i
1
i
1
1
1
1
1
{
j
{
! l|I
1
i .
I
1
I
I
tl
l i . . .  t
-
{ '
1
. I . . .
t
11
1
I
(
f
i
'■ ' \. . . . .
1
!
]  
. 1 (i ^
I
1
1
J
L\
1
• 1
1
/,
‘1
1
.-1
1
1
J
J
/
/
4
1
tA
<
?
f
' L
", ,  ^
r
(f)u.raoX
LU
E~
6 m CO E'- (D tr> ? K) OJ O O
I
Q)
I-,u  w w 0)U 
Ph
A O tw
to 0) 
rnr-l
g
'ti 
4)
•P
OSI—1uÜ Ps H
OSÜ *f4t j  -p  PÎ *H
03 C 
H  rj
•Pu  
0) a•Hp  0) »*—(
P r Q
c0Am
M
C0
0  0  
P-f xi 0 E-i
P
0
pq
g
CO•rH
Po3
M
0
p
a sO P 
Ü  EH
Onr-f
WP
(X,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58
I sQ  ti_ rtS fiJ 
2 : 2  ;  § -----------
II II
c  CD
u@ 0 4  f ' l p l  
1
i l l
1} j
l l j
1 Î  H
III
II n
1 r r
I L  
Il 1
r p
t-rJ
................
/
.  /
AiU ST'. *-M>.(IKAa(»A=NT.
4  ^‘ /  /r”7
CDeu
C£>eu
(Ni
OJ
CVJ
00
(P
N
(£>
•T
C\J
o
CÎI .3O
1
Q)
fH
3
to
w
Q)
fH
Oh
fH
O
%H
00
(Ü
Pf
(H
(d a
> to
p
t j fn
0) 3
•p to
d to
H P
Sh
Ü fL,
H
ctf H
Ü d
Î
" d  -P
C  t H
d c
M
H
d  P
p S3
St Q)
Û) Fi
s P
?H<P
0 p
FOQ
X
MC)p
C fH
a) Æ
mEh
p p
fl) d
P3
CO
S3 m
O !>
CO Ft
p P
H  U
d
p., (!)
g B
O *r4
a  Eh
o
c\>
O
60
•H
o CD CD N CO to ro CvJ
( r 8 ' d ) ' ^ p ' 3 ü n S S 3  Ü d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
o
I I
Ù
ta
L-3O
z
w
t-
t
<D
U
rï
to
»
0)
u
P-.
u
o
4^
Ui
(Ü
M
csi o
> w
0
•c) P
n.' P
j j ra
(0 w
r-l 0
P
Ü
r—!
(it iH
Ü <5•.-t
Tt
C •H
c3 ■C
M
H
oj P
-p P
E! 0
0) Ft
E 0
'H fw
Ft (,-<
OL) s-t
A O
W 0
0
FI P
0  s:
m (M
+2 •P
0 oi
m
w
FI 0
O >
w p
K-l p
Ft u
OS
P h 0
S E
o •f-t
Ü E-t
r4
N
O
fcO
.H
{ ' r B ' d ) " ^ p  ' 3 U n S S 3  U d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60
—
m
(  V,
wk.3o
X
Hi
t—
!
G)
fH
to
CO
0
f-l
Oh
5h
o
w
0
3
H
C6 a
> w
0
•n fH
0 0
•p W
erf K
r-l 0
0 fH
O Oh
H
erf H
Ü erf,•iH
Tf -P
q  -H
erf c
H
H
erf
•P r i
C 0
0 fH
s 0
•H <<H
f-l Cm
0 •H
A O
m 0
0
c fH
0)
0  FH
-o -P
0 erf
m
eo
c 0
o !>
eo P
•H 0!
fe O
trf
A 0
E B
O 'H
O  EH
CV)
(M
«
tû
•H
&H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
r o  O
G O <  I
O
LU
s
a>
fH
0
to
CO
(D
fH
P h
fH
o
«H
to
(1)
0
H
(0 e
> to
0)
Td 0
0) 0
to
c3 to
r-i o
0 0
O  P i
H
Ctf r-t
Ü CO
•rj +5
0 ■H
cC 0
M
H
cti -P
+3 0
0 0)
W 0
lU
•H 01
0
(1) •H
A O
X
M 0)
Q)
0 0
C) Æ
tt) PH
-1-3 -P
0) a
pq
to
0 Q>
0 l>
to 0
•H 0
0  O
A  0)
S a
o
Ü  Eh
CM
o
fco
A
( - r s ' d )  ' ÿ ' 3 W n S S 3  ü  d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 2
^ s s  i s
0^  ro Ijd i— 
O f“'> tJ- LU
5  S
II II II % r%
< = œ  ^  I0Q4 1
li 1
. j___ (h  i
li 1 
II 1
:  1
i
—------ l i  i ....... ....
! i ,  J
, _^  , 1!  1__
î| I
à — 0)- 
1 1
.. f
1
■ / - /
Ï “ I
o |- l
1
I x  /  
C  J —
R
CO
(M
COw
M
N
N
OW
CD b.3
10 o-r
8 m oCî CD EO V f<) Ocy —
<ÿ-
OJ
O
co
50
(M
o
o
w
5:
1
0)
u
w
ta
5U
h
o.
A
o
<(-)
CO
0
0
iH
W
> CO0
'd p
p
-p w
05 CO
r- l 0
d Ft
O Pi
H
cd H
o 05
•rH
-d -P
d  M-!
c3 P
M
H
4-3 P
id 0
Q) A
P 0
•H Ch
Ft (p
0 •rl
P iP
X
M 00
U
0  Æ
0  E4
•P P
0 05
m w
id 0
o >
CO u
•fH P
Ft O
A  0
S eo f4
O fP
OJ
»
bp
•H
( - r o - d )  ' * p ' 3 ^ j n S S 3  ü  d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
i - Q -
4 - | e
-C-
O w
I
cs
i —3
EjJ
i
0
u
p
w
CO
m
f-l
Ph
uo
(H
CO
Q)
pi
r-l
cS »
> MQ)
T( A0) P3
•P CO
(j5 CO
t—i 0)
PS A
O Pk
rH
O) 1—1
u cj
.H
CCS A*
H
H
ctS P
P id
G oÛ) A
B <u•H fw
Ph (Hm •H
f tQ
W m
0
A
o  x ‘.
m E-i
p  p
<u eg
pq CO
id 0)o >CO A
•H 0
Fi o
(0
a. 0
B B0  *H
U  B
ip»
CM
bO
•H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 4
g  <
^  w F
§ 8 ^  g  8
It H ", f
c  (Ô T]< 1
f f ^ l  
!{ !
li 1
II 1
II 1
I I I
!
- - - - - - - - - - - - - - - - ! ! 
f - T
L !
•-•
J
1
1 1^ t 
1
. . . .  Î .  .
'1
1
{
1
- - - - - - - - - - - - - - - - - 0 ~ .
/ /
/
/
_ _ _ _ _  ( T r . . . . ,
/ a
P
/O
B
COs\j
(0eg
eg
eg
s
CO
CÎ u. 3(0 O
"«S’
<g
o
oo
(O
eg
c)
o m CO
o
N W)
Üto
i .
o eg o
o
o
X
LU
i
0)
0
w
CO
0
'h
pg
Fc
o
(H
CO
0
r-l
Cu
> CO
0
od Fc
0 0
-P CO
a CO
H 0
0 Fc
o P
r-l
cd H
Ü eg
•H
•tl -P
*r4
(g P.
M
H
Ki •P
■P
.c; ffl
0 'h
B 0
•.H P
Ft fw
0
f t p
X
P 00
C P
0
0 F-l
+5 -P
Q) eg
P-I
CO
f ; 0
o î>
w p
•H p
X o
0Î
P4 0
s a
o 'p-i
o EH
\o
C-J
to
P
C | - 0 'd ) ' ^ ^ ' 2 ü n s s Ü d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
65
-  Cvl
- 6-
'S 9 3 U 1 S  r\![ N o i io n o ,3 y
-p
cd
-p
CO
co
o
OJ
•p
Ü
(1)
1—!
d)
CO «
w
•p d
d 0
•H
Q)p
•H
"d
do
CO Ü
l>
•d
COQ)
CO -P
Q) ai
h Ü.o
CO "d
d
1—11—(
d
A A
0) Û)
•p "d
cd d
At A)
CO
■Hd
A
d d0 -l-i
•Hw
■p A
Ü O
d A
"d S
m0)
o-
co
(A
'."4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
66
g  É
.  . z  F
q g i  #  S
§ 2  S  IÜ Ï
" 2  ' 7
C. CO to  <5 (3 o  j
lu
0O
ro
p .
k
l i .
b
1
r
'
1 1
I i:
\ \
x \ .
O
iO
00
N
(O
cu
4"
CU
cueu
o
OJ
00
(0 ^
~  Cî 
3
1  %
OJ 'S” 
lii
o s
03
co
OJ
c::>o 001
o
to
o
1'*'
o
CQ
O
to
o oro Ocvj O
•P
G
05
P>
m
G
o
Ü
x)
Q)
•P
O
q)
H
<u
ro to
P G
cs5 o•H
Q) P
S
•H T3
E4 Go
m Ü
>
T i
to 0
w P
(U Oju Ü
p T-l
eo 'G
G
rH M
ca
k k
<U 0
P  Tj
0.5 G
5
G w
•H 0
k
G G
O P
»iS OS
P k
o 0
G A
Td a(D 0
P t E-i
CO
CM
o
bO
k
( % )  'S S 3 W 1 S  NI N O IlO nO SÜ
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
o. ^
§§ S
_L
< 13 0
OJ
-o-
OJ
(O
t
g .Lo
COI-3o
X
faJ
•p
q
p>
CO
C
o
Ü
x J
<D
•1-5
Ü
0
■ tH
0
m •
ra
-I-5 C
c6 Ü
•H
0 P
a  -H
•H XJ
o
m o
t>
'd
m 0
CO -P
0 cfi
A o
•H
c o -g
H  M
CS5
Fi Fc
0 0
•1^ ■d
cS Ft
CO
*r4 0)
Ft
a d
o  P
•r-t ci
P f-c
O 0
0 P t
Xt B
0 fi)
CÜ E-i
Os
CM
e
bO
■H
Pm
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
G8
c  (A GQ4
î-G-
Cvl
CJt»
o
ciL«
LU
H
■pcca
• p
w
§
u
Ti<ü
• p
o0)
iH©
to  ®CO
ca o
•H© +s S -H
•H Tl 
CH g
ra ü
^ 'd m © 
w -P © fil 
P  ü  
..- : 
00 'd
iH  Md , 
P  P  
© © 
•P 'da p 
P) 5
q
•H
CO 
©
d d 
o  4->
■H ci
pü ©
^ & tj a © © 
«  E-4
om
fcD«ri
IH
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 9
g  <  
ss ss ^  W
q  q  & % W
1 to o q ^ 
1 ^  LG (t) W kj
i 2:
1 " u) »r
1 C CO <0 BG 1
—^6- “““©“ ""
Llo
O
Lu
Q
o^CvJ
IJL lu
b
i-------- . @ -—<• " 0—
—<}■ G "'
------0- \ i-l1 1 :! ------<: \ \ V----- V - __—©... x i \ ''O
OCO
o
(Ni
to
OJ
'S-
OJ
OJ
OJ
o
cu
G)
CO
eîk»3O
%
OJ
UJ
K
CO
vi*
OJ
-p
cS4->
m
§
ü
Tj
CU
•P
Ü
(U
H
(U
CO
cd
to 
S3 
o
0)E th 
•H
m o
 ^cd 
ta <v 
ta p  
0) cs5 f-i ü 
■P »H 
CO -rt 
S3r-l !—I 
OS , 
?H A 
(U 0) 
P  nd 
cU S3 
1-1 3
S3 CO P û)
g |
P  cS 
P  A  
ü  G>S3 P,'d s
tu 0) 
K E-i
bO
•H
k
oo oCO
o
CO t'­ es) irî
o
M
c
OJ
o oo
( % )
6 4 ,'..l ' S S 3 Ü 1 S  NI N 0 ! 1 0 n 0 3 ü
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
70
O  o-
d  o  
tr> o
CL
"ü  'S S 3 Ü 1 S  N O IlD n 0 3 U
oro
00
N
(0
Cü
'3'
OJ
OJ
cvl
o
OJ
CO
CO
OJ
o
CO
(O
<3"
W
o
ty
25
•p
<a-p
w
c
o
o
Td
cu
•p
o
(U
r4
(U
CO
to
■P
eg o•H
0) •P
■tS
•H Tj
Es RO
COÜ
td
CO (U
COp
<u eg
R o
4^ fS
CO Tt
rH HI
eg
Fi IsCD CD
4-i Td
crt c
5
CO
♦I"! ID
Is
f; pO p
•r! eg
J-’ fs
Ü (U
P' A
'd e
0) m
Fd Es
N
r \
bO
iH
ru
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
71
- r
C CÔ V.Ô oG*nj^
to
-<=/■
fr®-
O
'S S 3 H 1 S  N! N 0 { 1 0 n 0 3 W
o
[■0
o
CvJ
(O
CVi
CVJ
CvJ
CvJ
O
CvJ
CD
C9
wu.Heo
3:
cvi <-
us
O S
(St
to
o
J-
-t^
G
+5
to
C
o
Ü
T)
Û)
O
0)
H
m
CO
m
Ft
cS o
p
0) p
a •r-l
•r l T j
E-t so
to to
1>
Td
CO QJ
CO p
cts
Ft Ü
•H
t/J y
Ft
tH H
ctj
Ft Ft
OJ CJ
■p td
c5 Ft
1-1 5
Ft to
QJ
Ft
.c 0
o p
•H Cvi
P Ft
Ü QJ
Fi Ot
'd a
0) OJ
rri E-t
m
O'V
bO
P
IP
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
72
c  œ vO o o f3<g
Lt-
O, M o i i o n a s w
G
OS
-P
m
o
o
Ti
<D
•!->
O
0
H
0
CO
ra
' -p
cS o
•H
0  -f-i
E ■rH
•H Tt
E4
o
m o
!>
Tt
CO 0
W -P
0 cS
F, o
■iH
CO Tt
c
rH M
W
P p
0 0
-l-i t !
cci .c!
P! 5
w
■H 0
P
cs
O -P
»fH cfi
■P p
Ü 0
Fi A
t ! E
0 0
bO
•r*J
k
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
73
^  a
CD O  O  X
(Y) to  lO LU
•k I k S r ' ^
“ü  ‘ s s s B i s  Ki K O i ia n o H a
«u=;
LU
•p
a
c?.
p
m
0
o
'do
p
o
m
pH
(U
CO ew
p id
OS o•H
0> P
s •r-l
P  TO
E-I do
Kl u
i>
Ti
w 0)
K p
& d
f-i o
P p
CO p
Ù
rH M
cS
U k
(D 0)
P  Tj
oS id
i-l 5
id to
•H 0)
Ft
id d
o p
•H oS
P f-H
o 0)
d A
'd E
OJ Q)
cd CH
vn
bO
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
74
( " S e
u  1
I  s
LU H
i  ^
K - g  8
I p R
1 P  M
I : ;  »  ^  ^
I c  CÔ t ~  S " o  1 5 ^
-
w «ri
o .
O
O
D.
CO
N
CÔ
d .
8
0
d .
to
Ctl
1
> -
c-
--C
i
1 A
I
\ .
\
' V
'’77ZK9s«ra*c
Oto
CO
(Si
to
CVJ
CVJ
cu
cvi
O
CU
05
CO
Cv!
0
3Cl
tfj
l-
(0
to
CU
O o o o Q O o o Q oO 01 CO CO CO to Cvi
( % ' S S 3 U 1 S Ml w o n o n o 2Ü
o o
H
o5
•H
•p
*r4
. s
H
'd
0
■p
Ü
0
(H
0
CO
-p
05 »
W
0 id
S o•H
EH -P
•H
m Tj
!> id
0
CO CJ)
CO
0 d
p 0
-i-V -t-j
CO d
o
r-l •H
OS od
p id
0 M
-iJ
(3 P
iA 0
d
Ü id
•H o
id CO
o 0
•H p
-p d
Ü CO
d to
■d 0
0 p
cd tH
\o
m
fcü
•H
(u
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
75
CO
c  i ~  "o
-ca
C\i
icnscïM-jî-mli Q
ilV.'
(4t.3O
W
%
rHOj
•H
-P*r4cH'
•d
4^
O<D
I—I
Q)
to
4-3cd
G)
K
EH
to Ü 
o
•H
•p•iH
to 'dg
to U  
to
0) x i  iH 0) 44 44 03 d 
Ü
rH tHg 'g
Q) !-l 
-P
csSk-1
.d
•H
P
(U
"B5
d  to
o  (U
•rt r444 d 
C) CO
d  to 
■d CD 
(U d  04 fH
!>-
fcû
•H
k
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
76
U) O to 0_n  m — X
" 'L ^
c  œ ^  OGt3<3
Q. Ci.Q.
OJ
< r
N o i i o n o s u
c?Lw
Zio
X
w
H
d
•H
•p
•H
ft
1—t
nd
Q)
■P
O
Û)
rH
Q)
CO
+5
d o
W
Q) Î^ î
S 0
•H
EH
•H
to od
> go
to Ü
CO
0) 'd
M
p  p
CO do
rH •H
cS td
fH ft
Q) H
Pd fH<Dndft ft
•H Î3
c too 0)p fH
p 0o 00ff toTd 00G) fHtÜ Ph
CO
bo
pH
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
i  ^ i s►VÏ I  1i O 0 o  P
1 in O  in CL u jf;S
o
fO
II
c
to
to
It
c
O
M-
II
.1 ^  m
0^
to
'i '­
ll
c
1 11 II 
1 CO l ~
i i _  Y
0  Q  t3<3
■
O '
—1 0
'
'——
0r
\ \ ;
V| 0 V \V A '
3^—^
" Xl" ■
O
O
oM
CO
CM
(D
(M
'C>*
CM
(M
CM
O
OJ
CO
t o
COu
3
VJ't£*
CV! <-
Ui
O S
H
m
CD
CM
O
0)
c.j
CD
O
C0
O
to
Q
«ÿ-
O
ro
V.D
CM
O O o
rH
(5
fH
-P
•H
M
T t
0
■P
O
0
rH
0
CO
P
OS to
g
0 o
E •rl
*H P
EH •H
m sd
!> o
u
CO
CO
0 0
h  P
P oS
CO o
rH "O
rrf g
M
0
P Ft
cci 0
C  3
•H
CO
0
O •rH
•rH P
P •rH
o to
o
■0 A
0 o
«  Pf
o \
o
to
•rH
(il
'SS3W J.S  NI N 0 ! 1 3 n 0 3 t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
78
U. a.
I (D —  tn
Il II II
CCT O Q <
o o o o o o o o
..... . i '
o  o
o G> o N (O a d- ro OJ —
J ) S S 3 U 1 S N! M o i i o n o s w
OTL.3O
W
r-iÜ
•H
•rlC
nri0
•p
oa)
r-l0
CO
-P o
d 2 ü 
0 o
B  -H 
•H .p
EH‘H'd w d  t> o
ü
CO
CO -d  
0 0) 
h  -P  P  csS M Ü 
•H 
rn  *C>
es .C -^1 l-t 
0
p  fn cS 0
^ D
•rl
to
c 0
o  -rl 
•rl P  
•P -rl
Ü 10es Od  J-i 
0  oDS Al
O
bO•i-i
ip
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
79
C\i
CO
'S S 3 U 1 S  N! N 0 l l 0 n 0 3 ü
COu.3
W
H
CO00
0
O
'd 0 ' 4^  o 
Ü CO0 C I—( o 
0  -H 
CO •H
-P xj 
03 G  O0 a
s xf 0 ■CJ Oj oH W x! 
CO0 MP
•H
E-h
COl>
r n
r*i
S
0
•P
Ci
P)
.C
•T*{
!C!o
*r4pÜ
15
CO»H
p
G3
OSCO
©o
P M 'd0 Cw K O
tH-d-
bO♦H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
80
IL,
to
to
Q C
tr>
■ è
"o'
w
g
CO
CO
f.u
ù:
a.
_j
<
r4
CÜ
*r4
c  -P
O  .H
Q) n
 ^ H
0) t) fQ
(d
A
•ri to ,C P 
VI 0
.c o  
o  !U
•H4-) ,zh 
Cd CM
m h 
4-,
o3
CO
to to 
S  CD
•H ?-I
^ -e'j <jj
d)
.c
CO H  
cS
CO h
m m
i> 44> 
M cd 
P'
P
r—i ‘H
O .C-l 
•H O
IO 4J h Ü 
O p  
CD td  
^  CD 
Ch ffi
CM-tj"
to
ID
P
-P
V if-l
0
A
c
(U
EH
■p
‘D
+1
V i
o
»H
•B
M
P
P
P
h
CD
Cm
Cm
•H
P
■P
cd
p
P
P
to
w
0
P
P
bO
•H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
§  u.
II II
c  1-^
'
\
\
\ \ \
\
\
\
\
\
\
\
\
\
■ \
\
\ \... \
\
\■“ ■ \“ ■ 
\ \ . ........ - \\
\ \ \. \.....\
\ \
\
\
\
....V ’ ■'
\
............
~  \
. . . . \
..........
\
\
..."V
\ \
c f  \ t
\
\
.b  \ CJ.. o _ . 4 \
tO V"\
(. * \
\
-\
\
\\
\
\
\
. \ ...... \\
\
O m
o
CÙ
lO
C--J
o
Q
LO
f*-
O
0)
•XÔ
LiT
CE
Cft
eo
fii
(T
O .
P
z
tn
w
o o
CD
O
tr> otÿ-
o
fO
ü
w
o
o o
o
•H
H  -P 
OS 03 
•H ^
Ü -p  2  
0) ^
«  2  c3 & n  co 
•P0 fci <u
K  2  o  
03 H
Af4 CO 0-t 
Æ  P  O 
to p  
2  O to 
O î r |  0
•H 0
-f-> ^  P  
c3 CM K) 
H  0  0 P Q 
Cti 0  
-P r i  0 fp 0
,c  a  
•p c3 
to ü  
bçi co .ri 2 0 -d 
.H P  2!--: i_i
b (73 
,C 4^
CQ I—I 2os 0  
co p  Î-! 
0  0  0  
t- p  <p
2 (-1 -H
O
Cvî 
ü  
.H
4P
0  -P 2
4P
(g
0
M
h
O
ü  co 2 vj 
0  r p  <i> Æ 0 P 
fH Ph 2 i
02
45-
K)
|i.
os LÀ l't ‘(> 3 ü ; S S 3 U 1 N! r j o i i o n ü H w
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8 2
(%) 3 S S 2 Ü 1 S  N
tow
o
o
to
N
O
to
to
cv
H
Qj
P
St - p 0
(U P m
Q) C <D
& H p
•)-> P
« P
pq d CO
cs o
p , p
■H w o
d  tLWP
.c O  H
o W erf
y4 p
P  J j-  P
ffi <M p
H d(Â 6)
ffj
Ft P  
<D(3*
(D
P
Si
P
erf -P  
erf
ra Ü
t i t fcO m n*t
K
a
•H
CD
Ft
■■erf
d
: o s P l- t
CO
CO
os,
CO
CO
P
!-ii erf è
f r m Ft FiCJ <D Q)
CL P p
P erf P
k-l p
Ü
d
f i
< I—1 »H P
at
d
erf
t— o•H
P
o
•M
<D
Ft
2 0) p p
h o CO
0 p to
Q) <y
CD Ft
E-t P t  P-t
o
g
w
•H
k
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
83
^  q
CD O  
v t  i n
II II 
c  CÔ"
\
. . . . . . . .  1
1
f
I
... I !1
1
1
1 1I
1 I I
S
1 . p /ta . }  
O  !
d l
-Q _ i---- à2 1 IC^J.1
1
1! Itt
!
1
1 !Ii
1 1
t
!t
1 I 1<
/ 1
!
/
/ ...  / /r
/ / /
1/ / /
i _ _ _ _ _ _ _
'
/ /f
[
1 /
i
/
I
! / / '.. . . . /
/ /  /
/ /
/ / 
/
/
/
. . . . . . . / ... /
/
/
/ //
/
/ /  , / '
// 7/ //
/
7
/  ,■ /
/  .
7
/ /
1 i
L  .
O
lO
LO
Csi
OOJ
i n
O
[/■>
o
g
(% )'
o
0>
B
a o o o  o o o o
CO ■ 03 in t o C J
4  i 7 S Ü3. LBV S S 3 Ü 1 S NO! l o n o 3 Ü
O
o
E
o
û.
o
z
N
W
Lw
Q :
Uu
o
. J
lil
m
w
fr
3
I—
<
cr
LU
CL
S
1.U
(—
10
co <v
co co fH ro 
0  (D
o
ixj
^  d(\! dfif-( -t-i
<D -H 
4^ <:! 
4-1 H
" t .
co a) 
co 4-5 
Q) d
h  o
-P -H
CO 'g
rH H
d
ü  'è
-P m
d  A Lf 0) _ 'A M Ai 
•H ’H
o -p
•H (d 
-Pü -p 
3  ü  ■d 'A 0) o
w Pi
60 60 
C B
•P *P
N 
o  (D Si (D 
m A
co
0)
> o  
A iH 
P  Q) 
ü  fO
H  <0 
d  A ü P 
•H -P
-P d  
C) A 
A (D O & 0 Q Si 0 
C-! B
60
•Hrx,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8 4
O
O Ci
O
co s oto o ofO G(M
1
I... /
0 c c / ■ /
'd- CU /
/
1 1
II II / I
1
1
c  vD / 1 I
»I
I I
1(
O'?
1
; 5<  I
1
-  !
^ 1 ! 0 f
?  / I p  I1
( % r / c fH
H t
■o~t' ' i 
/
I
f .....
t
I
I
/
(
I
t
1/
/
1
i
/
■’7
/ 1
/
1
!
/
1
1
/
.. 1
/
/ . / !
i
I
/ / /
//
/ /
//
( /
... . / //
/ / //
/ /... /....
i
___ /
/
// /
/ /' //
/
/
/. _/ . .
/
.... /
/
/
'' J
V
/ /
/ /_ x ...
/  X / y
y
/
O
iO
(M
O
W
1.0
O
to
o
o
o
if-
h*
z
o
a.
(3
%
N
III
LU
K
It-
O
U
LU
CD
UJ
tr
3
I—
<
D:
LU
Q.
S
LU
w
!>
0.)
ro o  h H 
O
O 'm
pq o
z j -  co 
(M 0)
Ü)
© W
+) ©
Cw P  
c3
"d 
ta m co 40 
CD cd 
f-i ü  
40  .r-l
M 'd
H  Hes
?-l 40  
©
40 ©
PS fH
P  ©
(MP: Vi 
•H »H
o  40 
•H CS 
-P
Ü p  p p tS n
( I l  Cl
(5 P:
ta  ta  0 P
«r*! *.*H
N
o  © 
p  © 
co f-1
p  H  p ©
O p
r-l © **
(S P  P  
ü p  o
»rH 40 *rH
40 cS 40 
a) p  cS 
P  © P  O P( P 
© B 4 0  ,c; © es 
E-i E-i co
\o4T
ê)
•H
pL,
ire
(%) W' SUHixc U 3 1 J V  S S 3 Ü 1 S  N! NO 113 HO 3ü
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8 5
CL
"D"
O l
e
o
lO
(Xi
O
w
EoO
O
LO
w-
H
o
OL
O
z
N
U
üj
CE
U »
O
_ !
LU
m
LU
K
3
l ~
<
CElU
(X.
S
liJ
O
m 
Q) 
Vj -h
> -P
W W 
f-1 O
o  o  
W CL
-d- M 
<M es 
•HCh -p
Q) *H
•P c
<M H
to m 
m -i-^
d) es Ch o
+ î  .H  
CO "g 
C
p H  m
^ ■ g
m  
es fH 
^  <ü
C Lh 
•H *H
§ :
•H es 
•p
ü  -P 0 c:Tf "'H ni n
M CL
ta tafl c
•H *pl
'g S
Si m 
co f-t
IXh
m
m fï
> o
f-H rH p- 0)
CJ CQ
rH «  
eS Ch 
Ü P  
•H P  
•P eS 
Q) f-l 
P. m 
o  CL 
o  S  
Æ  Q) 
l~H ÊH
ta
-H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8 6
s!
100
w 9 0s:
8 0(Z
z
s  7 0
5 so
t-
ü. .
5 0
C9
co
tü 4 0  
ce
^  3 0
2  20  o
t—
3  10
aw
oe 0
j—...—-
n = 460%
Tp--- !5®F
\
\... X
\
\
\
\  k \
\
\  " 
\ V
\ .
\
V
X —
0  10 2 0  3 0  4 0  5 0  GO 7 0  8 0  9 0  (00
DEGREE OF ICE SATURATION, S. , (% )
F ig »  48 T h e o r e t i c a l  C u rv es  S how ing R e d u c tio n  in  
L a t e r a l  S t r e s s  a f t e r  24 H ours v s  D egree 
o f I c e  S a t u r a t i o n  a t  I n d i c a t e d  I n i t i a l  
P r e s s u re s »
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
!00
«g-
CO
g:
C/O
œ
z
«çj*-
eu
o:
w
H
ü.
<
(jO
(/)
lü
(KH
en
z
Æ.
o
h*
Q
3
O
LU
Q:
00
8 0
7 0
GO
5 0
4 0
3 0
20
10
0
Tp= I5°F  
S|= SOp.s.i.
\- \  ..
\
N
N > i X
k ' ^
\
0  10 2 0  3 0  4 0  5 0  GO IFO
DEGREE OF (CE SATURATION, S,
9 0
(%)
F ig e  49 T h e o r e t i c a l  C u rv es  Showing R e d u c t io n  i n  
L a t e r a l  S t r e s s  a f t e r  24 H ours v s  D eg ree  
of I c e  S a t u r a t i o n  a t  I n d i c a t e d  I n i t i a l  
P o r o s i t i e s  s.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
100
c a Qfr 0
CO
(T
Z
N
8 0  
7 0  
60  
5 0  
4 0  
3 0  
20  
S; (0  
0
o:
Ui
H
ti.
<
CO
CO
Ui
cr
h>
co
a
tu
cr
■— 3o°F
n = 46.0%
6 r  25p.s.i.
1
1
\
\
s.
\
\
\
\
-------------------
\ . l  1 V
-
0=^
10 2 0  30  4 0  5 0  GO 7 0
DEGREE OF ICE SATURATION,
8 0  SO 
: , ( % )
(00
Figo 50 T h e o r e t i c a l  C urves  Showing R e d u c t io n  i n  
L a t e r a l  S t r e s s  a f t e r  24 Hours v s  D egree  
o f  I c e  S a t u r a t i o n  a t  I n d i c a t e d  T e m p e ra tu re s»
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
89
3^
to
o
0:
o
CL
•dÛ)4-3
H gS c5 Ü ^ «H Q.1 Tj C 
C6 H
C d 
k,
01 
o  u oPk
•H
•p
Ü
P
'd
d 
d(0 'H 
r d  -P  
•P  -H
dMH
d•H Vj 
S >
OSP w 
d 
p
Vi o  ®Û5 K « 0)
. .  - d
p C v l p
“ f. s  
« f H
*H Cj 
4-3 H 
c> ro ccip W »P o m p  0) P -H 
Æ P d 
frl w  H
H
CO
w
•HPtH
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
90
u to
II II
f -  Û T
■ " T "  ■
^ ..... .
/
/ 1 /
/
/
i
f
I
t
!
/
/
/j I
I
/
!
/
/
t
/
/
... - . . /....
/
/ /
1
. . . . / .  . ..
/
/ /  .
I
!'  r
/ /
' /
.... .
1
L . ,/ /
; •
3 ! /
t o /
1 j
i ' i  
1> ! ? /
&Tj cr /
/j* *
c ^ /
/ 1 /
/ I /^ c _ _
/ /- - 7 /
O Oc>
o
co
o
sn
O
■ïî*
to
Kî
O O
<ü
o
to
o
to
o Oto
o
OJ
m
CJ
o o
G
Cf)
o
CC'
o
Û.
Tjm
•p
rH tî5 
«t Ü  
P  •H 
(U T j
CD' H
d (0
>5g s
«H CO 
-P  O 
Ü  k  
d  O T)'
Ci)
CD H-l 
J.i
ton ® d d
•H CO O
# > T!u •>-'
^  P CvS CO P d d 
co o -P
CD M  C0 
dO! m
ü  ‘m  o  
-H (g
. p  CO
0  co 0)  
p  co d) 
o  0) p  0 p tû ^  p> 0
Ë-I co Q
N)A
ta
•H
Ph
ü " ■3 wis NI N o d o n o s w
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
91
û
O
i f
CO U)
1 / . / /"f cf . —
ml
/
i i . /
/
o ./.
re")!
■ 4— & / 6 7
1 / J/  .....1
f /  /
1 / /
i //
i
/
/
i / /
. i
i
1 /1
! /I
1 /
11 / ■ / /
1
1
/ /
/  ......." I "
1 /
1
1 /  i
..........I
g
o
lOl'O
o
K
>-
5-
CO
O
(Z
o
CL
o o o
m CO
t'S
O
co
o
to
o
Ki”
O
!-0
C
C4 O
S S 3 W 1 S  N! N O I l O n O
o
: in 
N
T)
(D
- p
H C3
a oU T-t0 Xi 4J G 
ci M
Ü Ci3
k , 
C, P'
O•H•P
W 
. O
§ £  •Ci  P- i
m
Ol) *HX -pp) 'H
G 
hC'M 
C .1-1 CO
o
CO
o w
0 CM 
^  p tôr4W W
§ " , 3
.H (d 4-^03
co M w 0) 
0  p-,
s
<L)
+5 
(1) 
k
O ,
c; P p! -P 
E-i co  E4
en
hO
•r-i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9 2
. «  _ 
cia o .
K)
O
8
w
w
sreu
eu
o
Cv!
CD
(5
Çî'
O
CO
CD
(C
CJ
G
wL#
3
O
X
w
iHoS
•H
+5
v!
C
M
Tj0)
CyO♦fH
c
M
"ë
(U
h
û)
(M
•H
A
«t-i
co
m
0
ü
(ü
S
■H
se'
•H
g
CO
c5+5 o
P: w 
Q) (1)
h w 0) w
X A A A
j -vn
bO
•H
[U !/U I p i x : l  '  ^9 XCA-)NIVW1S
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9 3
o Lu
C£> o 0
«y* to ­ O
II ll (I
c o T t-i"
CO
'  d ' '  
O
o
I-<a-
O [
tr? ( N
\
%-?î-
O Q o o o
o O o o o
1.0 vj- to CVS
0 1 ) A - )  N i x / U 1  s
o
ro
00
(M
(O
CVS
%
Ç^îC4
8
CO
CO
ci"
CV!
Q
CO
CO
CVS
erjo
%
LiJ
O
Ki*r4
-p
CM
Tj0
■Pca0•H
"B
H
1
IH0
«•m
<P•H
p
ë
p
CO0
1>
p
3
0
e
*H
g
-p
p
rHOj
-P °a 0  0 0
s
P 0 
0 10 P  0 
X ^  
M P
VAV>i
bO
•H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Oil
q  52 Ü.
CO 0  p Sf- to Ig
1; it II 
G  (/) ■
Ê
1
c
1
1
[
1
1 J
1
1
!
1
i
d _ '3 .
cL
0
:o
1
■? 1
6,
0
q !i
d  j
10 1W IJ
1
1 1
1t !!
1
1
1
!
1
1
1
1 i
\
\
I
1
i
1
\
i
1
1.
\ 3
V
i
t
k
I
\
I
\
I
\
\
oro
CQ
(U
(.0(X!
%
CMCVS
OCM
CQ
CD
%-
OJ
0 0 0 0 0 0 0 00 0 0 0 0 0 0 00 a> CO N CO to 'cr ro
[UI/UI
c*gi%] ‘(OA-) N 1V U 1
o
o
CM
o
o o
w
t-
3
O
ÜJ
g
CO
CO
D
r4
crt
•H
-P
•rH
H
id
(U
-p
cS
0
••"H
id
id
M
•P
<U
fH
(1)
tu
C-t
•H
p
Ft
0
<M
w
Q)
>
P
CS
0
<u
a
*H
C-H
1
fd
-H
d
p
p
CO
H
eg•p
0 U1
(D <D
a P•H CS
P w
<U CO
A Q
M P
M  Ph
M3
CA
0
tc
•H
[p
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
S2
Q ÿ !  Li. 
o  O  *
■cS- lO  Ü
"  '.L \
£S CO
f
1
I
fi
1
(
I
it
1
"i 1 "Z
1
1• V/ -- -
cL
o  (
9  (
d
O
to 1
a>
ci
1.0
CM
i
r
1 1
1
1
i
1 !
i
I
1 ' 
! .
1
1,
1
I
1
S
1-
s
I
\
I
I
t
1
\
t
I
I0
1
\ .
V
■\‘1
c
I
\ \  1 
\  1
o
CO
CM
CD
ICM
CM
CM
O
CM
CO
co
CM
O
03
CD
CM
o o o ■ o o
o o o o oo oo CO CD
nui/ui 01 %]
o
o
IT)
' *9 '
o
o
xi"
O
O
îO
O
O
CM
O
O
O
o
MI—
3O
X
W
S;
rH
05*r4
p
•H5d
M
•d
Q>
PnJ
ü
•H
"H
H
ë
m
P
Q)Pi
<P
•H
p
C-i
m
0)
>
g)
S
c
•H
f .
p
co
H
d
P  “ 
.C to 0) m
a  kp w 0 w
m fp
r -
■A
bO
♦ri
I S
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
96
U)
L.
3O
X
ÜJ
. 03
*r4
s
M
(ü
-Pcd
ü
•H
•dÜH
0)
k
(U
<H
'H
P
Uo
4-,
n
a>
>
5-1 
d  
o
(U
S
•H
%
•H
g
•p
w
I— !
5S .d W m m
S ë?H W m M
g '
(D P M P
covo
ta
•H
(X,
: i.~0 S
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
97
APPENDIX C
TABLES
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TABLE 1
Com parison Between E x p e rim e n t a l l y  O b ta in e d  
And C a lc u la te d  V a lu e s  Of 2/i
98
Sand No. 1 n = 4 6 .0 # Si =  100#
Tp 0 2 4  ( p s i )
( p s i ) E x p e r im e n ta l
»
■
i T h e o r e t i c a l  
i
25 22»00 21.58
0 50 87 .50
....-.... .. ............... - ■
88 .19
100 56 .00
1
5 6 .4 4
25 20 .10 20.06
i
IS 50 35 .50 85 .96
100 51 .0 0 55 .23
25 5 .0 0 8 .8 5
30 50 6 .0 0 6 .2 0
100 10 .0 0 7 .0 3
C'24  '— v a lu e  o f  re d u c e d  p r e s s u r e  a f t e r  24 h o u r s
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Tj'vPLE 2
Comparison Between E x p e r im e n ta l ly  O b ta in e d  
And C a ,leu la ted  V a lu es  Of
99
Sand No. 1 n =  4 6 .0# Si =  50#
Tp ü i &24 ( p s i )
(°F ) ( p s i ) . E x p e r im e n ta l T h e o r e t i c a l
25 17 .70 1 7 . GG
0 50 82 .00 80 .29
100 46 .50 4Û. 47
25 14 .70 14 .50
15 50 28.00 24^78
100 80.00 8 2 .7 2
25 1 .50 1 .7 7
80 j 50 1 .8 0 2.11
I
___ _  i
100 2L80 0 .4 8
6 24 — va m e  o f  r e d ’iced  p r e s s u r e  a;r t e r  24 h o u rs
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1 0 0
TABLE 8
Comparison Betw een E x p e r im e n ta l ly  O b ta in e d
jind C alcn l a t e d  V a lu es  Of ^ 2 4
Sand No. 1 n. =  4 6 ,0 # Si =  3 3 .83#
rp d , ^ 2 4  ( p s i )
(*F) ( p s i ) E x p e r im e n ta l T h e o r e t i c a l
25 1 1 8 .80 1 4 .1 5
0
{
50 1 22.10
!
2 8 .2 3
100
■ ' ■
29.00 2 6 .2 4
25 12.00' 1 0 .8 6
15 50 17 .00 1 7 .4 5
100 22.50 1 7 .9 7
25 0 ,5 0 1 .0 2
. 80 50 0 .8 0 O.Gl
100 0 ,2 0 0 . 8 4
24 v a lu e  o f  re d u c e d  p r e s s u r e  a f t e r  24 h o u r s
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TABLE 4
Com parison Betw een E x p e r im e n ta l ly  O b ta in e d  
And C a l c u l a t e d  V a lu es  Of dg^
Sand No. 1
n
(#)
Si
(#)
Tj,
(°F) ( p s i )
634  ( p s i )
E x p e r im e n ta l T h e o r e t i c a l
46
3 8 .3 8
0 75 28.00 27 .26
25 25 6 .5 0 6 .8 8
50 ,00
15 75 28.00 8 0 .8 5
25 50 11 .80 1 5 .2 7
6 6 .6 7
0 25 19 .00 1 9 .7 0
15 50 28,50 29 .89
40
8 3 .8 8 15 60 1 4 .5 0 1 8 .4 8
50 .00
6 6 .6 7
0 50 24 .00 2 2 .7 8
15
25 1 3 .5 0 1 2 .5 0
50 1 9 .0 0 20 .76
75
100
24.00 2 4 .8 2
28.10 24 .66
25 50 1 0 .00 1 8 .6 1
80 ! 50 1 1 .6 0
1 I
1 .6 8
15 ! 50 25.00 25 .88
1 00 .00  1 15 I 50 29.00 3 1 .9 7
6  2 /, - -  v a l u e  o f  r e d u c e d  p r e s s u r e  a f t e r  24. h o u r s
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TABLE 5
Comparison Betw een E x p e r im e n ta l l y  O b ta in e d  
And C a l c u l a t e d  V a lu e s  Of d g 4
Sand No> 2
n Si %• ô i 0 24- ( p s i )
(#) (#) ( O p ) ( p s i )
Exp e r im e n ta l T h e o r e t i c a l
3 3 .83 15 50 1 1 .8 0 1 0 .7 5
0 50 20 .00 1 7 .6 9
25
'
1 1 .00 1 1 .1 7
15
50
.
1 6 .90 1 8 .0 9
8G 50 .00 75 21.00 20 .79
100 22.00 1 9 .2 9  ]
25 50 1 0 .0 0 1 2 .5 1
80 50 4 .0 0 1 .8 2
6 6 .6 7 15 50 22.00 23 .21
1 0 0 .00 15 50 81 .20 29.80
0 50 I
:
1 2 ,50 1 0 .1 8
30 50.00
15
25 10 .80 9 .1 7
.
50 1
I
1 2 .40 1 4 .0 7
*“'24 = v a lu e  o f  r e d u c e d  p r e s s u r e  a f t e r  24 h o u r s
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TABLE 6
C a l c u l a t e d  V a lues  Of A, B and E2 4
lOS
Sand Ho. 1 Ek =  100#
ï p
(C?)
d i
( p s i )
A
From
E g n .(4 -5 )
B
Fro ni 
E q n . (4 -6 )
^24
Fro ra
Eqn. ( 2)
25 1 4 .0 4 0 .6 1 7 1 8 .6 9
0
i
50 24 .14 0 .5 1 8 2 8 .6 2
100 4 4 .3 3 0 .4 1 8 4 3 .5 6
25 2 0 .2 7 0 .6 1 7 1 9 .7 6
15 50 28.69 0 .5 1 8 2 8 .0 7
100 45 .51 0 ,4 1 8 4 4 ,7 2
25 8 5 .4 6 0 ,2 4 7 8 4 .5 9
SO 50 8 8 .1 8 0 .2 0 7 8 7 .4 2
100 9 3 .6 2
............  _l
0 .1 6 7 9 2 .9 7
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TABLE 7
C a l c u l a t e d  V a lues  Of A, B and R2 4
1G4
Sand No » 1 2 =  4G»0# Si =  50fb
Tp
(*P) ( p s i )
A 
Prom 
Eqii, ( 4 -5)
B 
Prom 
Eon, (4 -6 )
^24
From
Eqn. (4 -2 )
0
25 2Q.97 . 0 .4 8 7 29 .87
50 40r0R 0 ,3 8 8 3 9 ,4 2
100 6 0 .2 5  ' 0 .2 8 9 5 9 .5 3
15
. .
25 4 2 .8 5 0 .4 8 7 4 7 .9 9
50 5 1 .2 7 0 .8 8 8 6 0 .4 4
100 6 8 .0 9 0 .2 8 9 6 7 .2 8
30
25 9 3 .6 8 0 .1 9 5 9 2 .9 2
50 9 6 .4 0 0 .1 5 5 9 5 .7 8
100 100 .0 0
i
0 .1 1 5  1 9 9 .5 2
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TA]
C a l c u l a t e d  V a lu es  Of A, B and
10;
Sand No., 1 a  = 4 6 .0 # Si = 38. 83^O ntr^
(°P )
O i
( p s i )
A 
From 
Eqn. (4 -5 )
B
From 
Eqn t (4—6)
^24
From
E qn .(  4 -  2)
25 4 4 .1 5 0 .4 1 9 4 8 ,8 9
0 50 5 4 .2 5 0*819 5 8 .5 3
100 74»44 0 .2 2 0 78*76
25 5 7 .5 5 0 .4 1 9 56 ,56
15 50 6 5 .9 6 0 ,8 1 9 6 5 ,0 9
100 8 2 .7 9 0 .2 2 0 8 2 ,0 8
25 06 .60 0 .1 6 8 9 5 .9 8
30 50 9 9 .8 2 0 .1 2 8 98 .79
100 100 .00 0 .0 8 8 9 9 .6 3
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TABLE 9
C a lc u l a t e d  V a lu es  Of A, B and R04 
Sand Ko, 1
(#)
Si
(#)
'■P
(°P )
6 i  ■
( p s i )
A
Fro m 
E o n .(4 -5 )
B 
From 
E q n .(4 —6)
^24
Fro m
Eqn. (4 -2 )
3 3 .8 8
0 75 64*84 0 .2 6 1 6 8 .6 5
25 25 76*00 0*419 7 4 .6 8  1
46 50 .00
15 75 59*68 0 .8 8 0 58 .86
25 50 70 .60 0 .8 8 8 6 9 .4 7
6 6 .6 7
0 25 21.69 0 .5 3 9 21,21
15 50 4 0 .9 7 0*440 4 0 .2 2
3 3 ,8 8 15 50 7 4 .1 2 0*819 7 8 .1 4
0 50 5 5 .4 2 0*888 5 4 ,5 8
25 51*01 0 ,4 8 7 4 9 .9 9
15
50 5 9 .4 8 0*888 5 8 .4 7
40 50 ,00 75 6 7 .8 4 0 .3 8 0 6 6 .9 1
100 7 6 .2 5 0 ,2 8 9 7 5 .8 4
25 50 73 .96 0 .8 8 8 7 2 ,7 7
80 50 9 7 .86
1
0*155 9 6 .7 8
6 6 .6 7 15 1
50 4 9 .1 8  1 0 .4 4 0 4 8 .2 3
_________ !100.00 15 50 8 6 .8 5  i 0 ,5 1 8 86 .06  1
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TABLE 10
C a lc u la te d  V alues  Of A, B and Rg4 
• Sand No. 2
n
(55)
Si
(#)
'"p
(°P)
d i
( p s i )
A
Prom 
S q n . (4—5)
B
Prom 
E q n . ( 4-6)
Rg4
Prom
E q n . (4 -2 )
3 8 .8 3 15 50 7 9 .5 6 0 .8 1 9 7 8 .5 1
0 50 , 6 5 .66 0 .8 8 8 6 4 .6 1
25 5 6 .4 5 0 .4 8 7 5 5 .8 2
•
15
50 6 4 .8 7 0 .8 8 8
■ " ■ —.......
6 8 .8 8
86 50 .00 75 7SU28 0 .8 8 0 7 2 .2 8
100 8 1 .6 9 0 .2 8 9 8 0 .7 1
25 50 7 6 .20 0 .8 8 8 7 4 .9 2
80 50 98 .00 0 .1 5 5 9 7 .3 7
6 6 .6 7 15 50 5 4 .5 7 0 ,4 4 0 5 3 .5 7
100 .00 15 50 4 2 .2 9 0 .5 1 0 41 .88
0 50 8 1 ,0 2 0 .8 8 8 7 9 .7 2
80 50.00 25 6 4 .6 1 0 ,4 8 7 6 3 .8 2
15
50 7 3 .0 8 0 .8 8 8 71 .86
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.DATA S K E IX -T  (N O - 1 | i 0 6 S E R V A T I 0 N S  ij P O R O S  I T Y i a
S A M P L E .  N O . • IB .. ICE SATURATION S c 5 0
EXPERIMENT NO- 1 B  - 1 TEN  PE.PÂTURE Tp O ' F
■TESTEJ5 G Y i N i r i  A L  P /Y £ > S U --;E 2 5  p . - i t
UJ
L O C A E
■ T I M E
-t ------------------------------------- -
T I M E
E L A P S E D
I t ]
. S T R E S S
3)1 A L  
R E A . D / N Â
[ d j
T O T  A  L. 
C H A N & E
IN
S T R E S S
S T R A I N  D / A L  
R  E  A  T 1 H (3r
C c t l
R E D U O - T I O N
I N
S T R E S S
X l O b
A V E R A A T  
S T P  A 1 H
1-
< L<^ I - ^ t r l
C HAWl ' i iEL  ( A  A CAE) N o . A
A ( p S l ) (  p o i ; 1 Z [ " % ] [ >
i 1 -  3 0 . O WM v\ . E L S o o 1 0 1 4 • Û 1 2
d ' 5 II 2  4  • 4 0 . s 1 0 1 4
1 " 2  4 • o . • 1 . 0 I 0 1 4
2  " 2 3 . 3 f . 7 ll ; 5
3 " 2 3 . O 2  ■ Ù 1 2 - / 6  .
4  '■ 2 2  . 7 2 .  3 17. 1 6
I I -  3 5 b " 2 - 2  . S 2 . . 5 1 2 U
1 ! -  - 5  0 l O  " 2 !  . S ' 3 / 2 1 4 1 g
1 1 -  S O 2 0 " 2 1 . 2. 3 % 1 S 2 . 0
1 % - o o B O 2 . 0  ■ 9 ' 4 . 1 2 0 2  7_ i 4 .  4 2  1
i 2  -  I Û 4 0 2 0  . O' 4 . 4 2 0 2 3
0
IT f Z - z e
5 0 2 - 0 . 5 5 - 5 2 o 2 4
'  Z  - . 3 0 ( J o  " = 1  H r . 2 . 0 . 4 4 0 2  0 2  4  ' I S - ,  4 2  2
T i 7-  -  S ' û S o  " 2 0 . Û 5 - 0 Z - O 2  6
If)
W
i -  I O 1 0  0 " 1 9 .  ■3 5 . % 2  0 2 9
1 - 3 0 1 2 .0  f  - 2 1 2 .  5 5 . 5 2 . 0 2 9  ' • 2 2 , 0 2-<^i . S
2 . - 0  0 ( 5 0  " 1 9 . 2 5 . S 2-1 3 0
2 - 3 0 i S ô  > = 3  " I S ) . 0 . 2 6 3 . 5 2 4 . 0 3 0 . 5
3 - 3 0 x f  II 1 0 - 4 3 7 4  2 2  5 .  6' 3  9 . 5
5  -  3  o 5  " i S . g 6 5 3  8 4  4 7. A . Û 4 1 0  i
S - 3 o 6  " 1 9 .  j5 6 . 5 3  9 4 4 2 6  . a 4  1 . 0
7 - 3 0 S  " I S .  - 3 6 .  7 4 o 4 0 2 6  . € 4  4  . 0
9 - 3 0 i û  " I S O 7  0 • '- (  6 5 0 2 9  0 4  S '. à
1 1 -  3 0 1 1 2 .  " I S .  o 7 . 0 4  7 S I 2 9 .  0 4  9 . 9
'j
N T  -  3  c  t v . 2 0  " 1 7 . 2 7 .  Z  1 4  7 S i 2 9 . S 4 9 . 0
T
\ I I  -  3 c  - : L 4  " 1 7 ,  7 7 . 3  i 4  7 . 5 1 2 9 .  2 4  9 .  0
r-! 5  -  3 ' - 3 0  " i 7 .  7
_  Z 5 É _ J
4 7 5 1 2 9 .  2 4  9 . 0
r . P  r- l  p .  ro T G  X  T  (C M  r  r n -? R P A S i W A S  [ . 0 1 ! 3 .  ,r .' y i R E M A R K r  -  -  ' i!
. C o r / I  i v  Y S  W  1 T C . I - 1  C .  i-1 A N  .WE L I B a l a n c e ' . T i T T l  w o
}
/ 1 2 - 4  1 5 6 1
P o l A k i  ■( ' 7  j — ' 7 e !il
0  1 o o C.' 0. ) O ! | S f N S l T I V ' | T Y |  M . . J .
1
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WATPOR PROGRAM FOR CALCULATING THE VALUES. OF A , B , Rg^ an d  d 24
O J O R  ■ 2 0 5 0 ]  6 4  vRliM = F P R P ,  P A G F S  = ?!S , T I » F  = 3 , K P = 2 :
FMAMF A Z I Z
■ C • .
C V' ATFOR PROGRAM-  FOR C A L C U L A T I N G  TI-IF V A L U E S  OF
C A , F N R T F 4  , A N D  P R E S S A .
C
1 P R I N T  ] 0 0
2 100 F ORMAT ( 5 X  , • P O P  ' , 6X , ' SI ' , 5X, '  T E f i P  ' , 5 % , ' P R E S  ' , 6X ,
. . . . . . . . . . . . . . . . . . . . .  C ' A ' , 9 X r ' 9 ' , e x ,  ' R T 2 A '  , . A X ,  ' P R F S 2 A '   ...... .... . . . . . . . . . . . . . . . . . . . .
3  E = 2 . 7 1 F 2 B
4 10  R E A D , P O P , S I , T E M P , P R E S
5  I F  ( P O P . E O . O . )  GO TO SO
6 B = 0 « 4 6 4 S  p:=-:-0 , 1 5 5 - 0  . 3 3 * A L O G 1 0 ( P R E S )
7 I F  ( T E M P . L E . 5 . )  R = P F T F M P / 5  .
8  ;p  = 0 . 2 4 5 F A L O G 1 0  ( T F I i P ) - : - n  . 0 3 5 ........... ........
9 G = 0 . 0 0 7 1 7 * S I * ( T E M P * * 0 . 5 - 1 . 1 5 )
1 0  • F = 1 0 0  r . / F A F G
1 1  A I  = 0 0 P R E S 4-F ' ■
1 2  A = A ] 4 - 8 c ' : = T E M P * ( 0  C . 4 6 - P 0 R  )
1 3  I F  ( A . G T o l O O o )  A = ] , 0 0 o
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RT24 R e d u c t io n - in  L a t e r a l  s t r e s s  a f t e r  24 h o u r s  
PRES24 —P r e s s u r e  r e t a i n e d  a f t e r  24 h o u r s
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VITA AUCTORIS
1946
1961
K handker Abdul Aziz was b o rn  i n  K h u ln a ,  E a s t  P a k i s t a n
on November 6 t h ,  1946,
He com ple ted  h i s  s e c o n d a ry  e d u c a t io n  in. D acca ,  E a s t  
P a k i s t a n ,  o b t a i n i n g  d i s t i n c t i o n  marks and S e c u r in g  
t e n t h  p o s i t i o n  i n  t h e  f i r s t  c l a s s  i n  M a t r i c u l a t i o n  
ex a m in a t io n  h e l d  i n  M arch, 1961
1963 He o b ta in e d  hi,s  H ig h e r  S econdary  C e r t i f i c a t e  from
E. P .  Secondary  E d u c a t io n  B o ard ,  D acca, i n  May, 1963, 
He s e c u re d  th e  second p o s i t i o n  i n  t h e  f i r s t  c l a s s  and 
was awarded a  g o ld  medal f o r  d i s t i n c t i o n  m arks.
1967 He g rad u a ted , i n  November, 1967, from. E a s t  P a k i s t a n
U n i v e r s i t y  o f  E n g in e e r in g  and Techno logy  <5.o b ta in e d
• th e  d eg ree  o f  B .c c .  i n  C iv i l  E n g in e e r in g .  lie s e c u re d
th e  f i r s t  p o s i t i o n  i n  t h e  f i r s t  c l a s s .
1968 He was w ork ing  a s  an A s s i s t a n t  E n g in e e r  f o r  C o n s u l t in g
E n g in e e rs  ( P a k i s t a n )  L td .
1969 He j o i n e d  th e  t e a c h i n g  s t a f f  o f  E a s t  P a k is ta n .  U n iv e r s ­
i t y  o f  E .ng ineering  and T e ch n o lo g y ,  D acca, i n  th e  De­
p a r tm e n t  o f  C iv i l  E n g in e e r in g ,
1969 He was awarded C anadian  Commonwealth S c j io la r s h ip  and
was a d m it te d  to  th e  U n i v e r s i t y  o f  W indsor, W indsor, 
O n t a r i o ,  f o r  g r a d u a t e  s t u d i e s  i n  C iv i l  E n g in e e r in g  
i n  Sep tem ber, 1969,
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